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Abstract
This thesis details an investigation into the development of bounce geometry lasers to
achieve a more versatile range of laser characteristics. The bounce geometry has matured
in recent years into a useful solid-state pumping scheme, but its performance has to
date been limited by a number of factors, as well as largely restricted to neodymium
systems. For real-world application, a more versatile range of laser characteristics would
be desirable.
A new design for a bounce geometry amplifier is presented that achieves a symmetric
gain profile and thermal lens by control of the amplifier dimensions. The laser produces
a circular stigmatic TEM00 (M
2 < 1.11) beam with 14 W power. When Q-switched, the
design permits versatile control over the repetition rate (single-shot to 480 kHz) with
pulse energies up to 0.45 mJ. The stigmatic design also allows the direct generation
of a Laguerre-Gaussian ‘vortex’ beam, and proves favourable for modelocking with the
nonlinear mirror method.
Several designs are investigated to study power scaling in a master oscillator power
amplifier (MOPA) configuration, including a stigmatic MOPA based on the amplifier
described above, and a chain of multiple power amplifiers. A folded dual-pumped ampli-
fier design is also demonstrated, which reduces the size and complexity of a multi-stage
amplifier and allows power scaling to the 100 W level. Pulse amplification is also inves-
tigated, and a MOPA is optimised for energy extraction by a Q-switched oscillator.
Finally a 3-micron bounce laser is presented using an erbium-doped YSGG gain
medium. Different cavity designs are investigated, and a simple compact cavity is found
to be optimum. Thermal effects are investigated and found to be a limiting factor
on the laser’s performance. Quasi-continuous wave pulse energies of up to 15 mJ are
demonstrated, with an average power of up to 430 mW.
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Chapter 1
Introduction
1.1 Background
As numerous possibilities for the generation, manipulation, and application of coherent
light have been realised, laser development has blossomed into a sprawling field. After
initial proposals by Schawlow and Townes [1], Theodore Maiman applied his midas
touch to create the first working laser in 1960 [2], and since then a great range of laser
technologies have been developed that have seen many uses. With developments such as
fiber, thin disk, and the CO2 laser, powers have been pushed all the way to the kilowatt
level, giving the laser a prominent role in industrial machining as a precision cutting
and welding tool. Meanwhile, the techniques of Q-switching and modelocking have seen
pulsed lasers increasingly used for micromachining and metrology. Advances in tunable
sources have further extended the laser’s reach, particularly in science, where the laser
has become a ubiquitous tool. However, arguably the biggest impact that lasers have
had on our lives has been in communications and data storage. The development of low-
cost diode lasers has encouraged the commercial realisation of optical storage methods,
and developments in fiber technology have enabled cheap, long-range communications.
One class of laser in particular, that of diode-pumped solid-state (DPSS), has seen
much progress in recent years. As laser diode technology has matured, DPSS lasers
have begun to replace existing lamp-pumped systems in many applications. This thesis
looks at the development of high-power bulk solid-state lasers, focusing on a design
known as the bounce geometry. The aim of this work was to achieve a more versatile
range of laser characteristics from this geometry by investigating different oscillator and
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amplifier designs, as well as new laser materials. It was hoped therefore that this work
would contribute towards making this promising laser geometry more viable for use in
the real world.
To place this work into context, and to help understand how other geometries ap-
proach the many problems in DPSS laser design, this chapter begins with a review of
high-power DPSS lasers. After a look at laser diodes themselves, and a discussion of
solid-state materials, most of the main DPSS laser architectures are described. Each
design is analysed with an eye on how it manages thermal and other issues to achieve
high power and other useful properties. After this, the chapter explores the phenomenon
of heating in a laser amplifier, since the impact of heating largely informs the design of
all high-power lasers. Thermal lensing is discussed along with the effect that this has on
a laser resonator. Finally, since it features prominently in much of the following work,
the technique of Q-switching is described.
1.2 Diode-pumped solid-state lasers
Although first demonstrated by Keyes and Quist in 1964 [3], DPSS lasers have only
recently become a widespread alternative to lamp pumped systems with the advent
of long-lasting and affordable high-power laser diode arrays. Diodes possess a clear
advantage as a pump source in that they emit in a narrow bandwidth of just a few
nanometres (usually < 3 nm), which makes it possible to exclusively pump one individual
energy level of the laser ion. In contrast to lamp pumping which excites a variety of
energy levels, this vastly improves the pumping efficiency and minimises unnecessary
heating in the laser medium. Furthermore, laser diodes boast a very high electrical-
to-optical efficiency, which is usually around 50% or higher. However, diode pumping
presents a unique challenge to laser design, and the directionality and poor spatial
quality of laser diode arrays has led to some ingenious pumping geometries, some of
which are described later in this chapter.
1.2.1 Laser diodes
Since the power of an individual semiconductor laser diode is typically limited to only
a few Watts, high powers can only be reached by combining many individual diodes in
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an array. Emitters are usually arranged horizontally to form a bar (of around 10mm in
length), as shown in fig. 1.1 (a). This arrangement maintains the high spatial quality
of the diodes in one axis (the “fast axis”), but produces an elliptical, multimode output
in the other axis. To achieve a collimated output along the fast axis, diode bars are
often fitted with a microlens attached to the front face of the bar. This arrangement
is well-suited for pumping slab amplifiers, since they only require high beam quality of
the pump in one direction. For powers over 100 W, multiple bars can be combined into
a vertical diode stack (fig. 1.1 (b)), however this comes at the expense of vertical beam
quality. For powers approaching the kilowatt level, even larger arrays are required, which
further degrades the beam quality. Some of the spatial issues associated with diode array
pumping can be overcome by coupling the emission into an optical fiber; this allows all
the power to be delivered to a small spot, albeit with a high divergence [4].
Figure 1.1: Diagram showing (a) a laser diode bar with fast axis collimation and (b) three
such bars in a stack. A diode bar would normally contain many more individual emitters than
are shown here.
A practical concern when using laser diodes involves cooling, since a large amount
of heat is generated in a very small volume. For diode bars under 100 W, conduction
cooling is often sufficient, however for higher-power systems it is necessary to use micro-
channel cooling, whereby high-pressure water passes through small channels close to
the emitters. Although it provides better heat removal, micro-channel cooling increases
the complexity of the system. Diode cooling is further complicated by the temperature
dependence of the diode’s central emission wavelength; typically the wavelength shifts
by around 0.2 nm per ◦C, which means that the diode must be kept close to its optimum
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temperature for the output to be spectrally matched to the laser pump band.
One of the main disadvantages to laser diodes as a pump source is the cost, and al-
though this has decreased much in recent years, lamp pumping is still a more economical
choice. Another issue with diodes is that they are easily damaged by voltage spikes or
cooling failure, often resulting in catastrophic failure of the diode. However, if operated
correctly laser diodes can outlast lamps, providing a more reliable pump source.
1.2.2 Solid-state materials
The laser material is a crucial component of a laser, with its choice affecting all laser
properties. A solid-state laser material consists of an active ion (in which lasing takes
place) doped into a host. Broadly speaking, the dopant defines the material’s spectro-
scopic properties (i.e. the energy level structure, transition cross-sections, and level life-
times), while the host determines macroscopic properties (thermomechanical behaviour,
refractive index, fracture limit etc.) However, since the local electric fields of the host
near the dopant site can strongly influence the dopant ion, the choice of host material
can have an important effect on all these properties.
An ideal material for diode pumping should possess a laser transition with a large
stimulated emission cross-section, and a pump transition with strong absorption at the
pump wavelength. It is also desirable for the laser to operate as a true four-level system,
with a low energy difference between the pump and laser photons (the quantum defect).
In addition, it should also possess good thermomechanical properties to mitigate the
effects of heating. Moreover, the laser must emit at a wavelength appropriate for the
application in mind.
Dopants
One of the most common source of dopants for solid-state lasers are the trivalent ions of
rare earth elements. Such ions have many sharp fluorescence lines, which are shielded
from the local fields of the host crystal by their outer electrons [5]. Notable rare earth
ions include neodymium (Nd3+), ytterbium (Yb3+), erbium (Er3+), holmium (Ho3+),
and thulium (Tm3+).
Neodymium is a very popular dopant; it can be doped into a large variety of host
materials and has excellent spectroscopic properties for diode pumping [6]. When doped
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into crystals, trivalent neodymium displays narrow linewidths and long fluorescence
lifetimes [5], making it a popular choice of ion. There is strong absorption in neodymium
around 800nm, and laser transitions available near 1.3, 1.1, and 0.9 µm. Q-switched
neodymium lasers (in particular Nd:YAG) are some of the most widely-used lasers today,
with a broad range of applications. The output is often frequency doubled, with the 1.1
and 1.3 lines yielding green and red light respectively.
Another popular dopant is ytterbium, which possesses many unique advantages over
neodymium. Lasing at 1.0 µm, ytterbium possesses a very low quantum defect and a
simple energy level structure which avoids Excited State Absorption (ESA) and many
other quenching processes [4]. It also possesses a long lifetime (on the order of a mil-
lisecond), allowing high energy storage for Q-switching. However, lasing occurs in a
quasi-three level system, requiring a very high pump density to overcome transparency
threshold [7]. Consequently ytterbium is often used in thin-disk geometries where the
pump density is high [8].
Erbium is notable for its ability to lase in useful parts of the infrared spectrum.
It has a transition near 1.5 µm in the “eye-safe” region where the human eye is less
susceptible to damage, and another at 2.9 µm which is highly absorbed by water, leading
to medical applications. Moreover, since the lower wavelength sees very low loss in silica
fibres, erbium-doped fiber amplifiers have gained a dominant position in the telecoms
industry. However, both transitions come with their difficulties; the 1.5 µm transition
is part of a quasi-three-level system and the 2.9 µm transition involves a lower laser
level that has a longer fluorescence lifetime than the upper. Three-micron erbium lasers
are reviewed in detail in chapter 6. Other ions that have also proved useful for medical
applications include holmium and thulium which each emit near 2 µm.
Some transition metals can also serve as active ions. Unlike the rare earths, they do
not benefit from the shielding effect of an outer electron shell, so the field of the host
crystal plays a larger role, and they can have very large gain bandwidths. Titanium
(in Ti:Sapphire) and Chromium (in alexandrite or fluorides such as LiSAF) are popular
for their broad tunability, and can also be used to generate ultrashort pulses by passive
modelocking.
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Hosts
Most solid-state hosts can be classified into either crystals or glasses. In bulk geometries,
crystals are the most popular hosts for a variety of reasons such as better thermal
conductivity and larger cross-section [4]. However the use of crystals is restricted by their
growth. Growth techniques such as the Czochralski method are notoriously difficult, and
the maximum size of high-quality single crystals is limited. Also, the dopant site in the
lattice must be able to support the desired dopant; the strain caused by replacing host
ions with dopants can strongly limit the dopant concentration.
The gain medium used in the first lasers was ruby [2], which is chromium-doped
sapphire. Of all solid-state materials, sapphire has some of the best thermomechan-
ical properties, however the lattice will not support doping with rare earth elements.
Sapphire’s main use today is in Ti:Sapphire lasers for its broad tunability.
Crystals containing yttrium have proved some of the most popular for doping with
rare earth ions due to the yttrium ion’s similar size. Of these, YAG (yttrium aluminium
garnet, Y3Al5O12) has arguably the best all-round combination of properties. It com-
bines high thermal conductivity, low thermo-optic coefficient, hardness, and relative ease
of growth. The Nd:YAG laser has thus become the standard choice for a large range of
applications. A popular alternative to YAG is YLF (yttrium lithium fluoride, YLiF4).
YLF is notable for its thermal properties, with a lower thermooptic coefficient which is
also negative, giving rise to a diverging thermal lens. Like many other crystals, YLF is
birefringent, which can eliminate losses due to thermally-induced birefringence. With
both Nd and Er doping, YLF gives a longer fluorescence lifetime than YAG, which
aids energy storage. Vanadate crystals, particularly yttrium vanadate (YVO4), have
also received considerable attention in recent years as host materials for neodymium.
Nd:YVO4 has a much higher absorption coefficient and stimulated emission cross-section
than Nd:YAG, and it is naturally birefringent. Although it suffers from poorer thermal
properties than Nd:YAG and can only be grown to small sizes, the large stimulated
emission cross-section makes this a very attractive host material.
Although the materials described above are crystalline, it is also possible make use
of ceramic hosts, i.e. polycrystalline materials with small crystal domains. The main
advantages of ceramics are that they are cheaper to produce than single crystals, can be
grown to larger sizes, and can be more highly doped since straining of the crystal lattice
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is not a problem [9, 10]. The downside however is that scattering of light occurs at
the domain boundaries, although with small-domain ceramics this is less of a problem.
Ceramic Nd:YAG can be manufactured with scattering losses very close to those of single
crystal Nd:YAG [11], and high-power systems have been demonstrated [9, 10, 12].
Rare earth ions such as neodymium can also be doped into glass. The major ad-
vantage of glasses over crystalline hosts is that they can be fabricated with consider-
ably larger sizes and with much less difficulty. This is a requirement for fiber lasers,
and the vast majority of fiber lasers are based on glass hosts (fused silica being pre-
dominant). The absence of local crystal fields generally leads to broader fluorescence
linewidths in glasses compared with crystalline hosts, which is beneficial for producing
short pulses [13]. The primary drawback with glasses are the increased thermal prob-
lems encountered due to their low thermal conductivity (around 10 times lower than in
YAG [14]) and large thermally-induced birefringence.
1.2.3 Diode pumping geometries
The laser geometry (i.e. the physical arrangement of the optical cavity, amplifier, and
pump delivery mechanism) is another key element to a laser’s design. This is particularly
true in the case of high-power lasers, where heating of the gain medium can lead to
effects such as thermal lensing (discussed in section 1.3). A good high-power laser
geometry mitigates these effects, often by a combination of efficient heat removal and
by minimising the effects of thermal gradients on the laser beam. This section reviews
the effectiveness of some of the most common pumping geometries.
Rod
Perhaps the most simple solid-state laser geometry is the rod. Originally developed
for lamp pumping, rod lasers are less naturally suited to diode pumping, however some
effective designs have been built in both end and side-pumped configurations. Rod lasers
present a large surface area for efficient cooling, but since the direction of heat flow is
perpendicular to the optical axis, thermal lensing can be very strong indeed.
In end-pumped rods (see fig. 1.2 (a)) the diode radiation is delivered through a
small spot in the end face, which is usually achieved by coupling the diode radiation
through a fiber, or by other beam-shaping methods [15]. Fiber coupling allows the
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pump to be efficiently matched to the TEM00 mode of the resonator, enabling very
high beam quality [16–18]. However the small pump area means that thermal effects
are particularly severe [19], and thermal fracture can limit power scaling. With careful
choice of materials and design it is possible to reach 500 W from a single end-pumped
rod [20], however at such powers TEM00 beam quality is generally not preserved.
Another way is to pump through the side of the rod (shown in fig. 1.2 (b)). Cooling
is more efficient this way since the heat is deposited closer to the edge of the rod, and the
pump intensity is much lower, resulting in greater potential for power scaling (kilowatt
powers have been reached with multiple side-pumped rods [21]). The problem with
this scheme however is low efficiency and beam quality due to poor overlap with the
resonator mode [22], although this can to some extent be overcome by using a diffuser
to create a uniform pump distribution around the rod [21, 23, 24]. In this way, over
200 W of TEM00 power has been reported from a diode-side-pumped rod laser [23, 24].
Figure 1.2: Diagrams showing (a) an end-pumped rod and (b) a side-pumped rod. In both
cases heat is removed through the large side face. In the side-pumping scheme, several diode
arrays are equally-spaced around the circumference of rod. HR represents a highly-reflective
mirror (at the laser wavelength) and OC is an output coupler.
Slab
An alternative pumping scheme, which is particularly suited for diode pumping, is the
slab. As the emission from a diode bar is highly asymmetric in the fast and slow axes,
the concept behind a slab laser is to treat these two axes separately. Slab lasers aim
to create an efficient overlap with the elliptical diode output, removing the need for
complex diode delivery schemes. The pump intensity can also be kept much lower than
in the case of some fiber-coupled schemes, which reduces the tendency for damage.
A popular slab design is known as the zig-zag, which was first proposed by Martin
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and Chernoch in 1972 [25], and is shown in fig. 1.3 (a). In this geometry, light takes
a zig-zag path through the amplifier, making multiple reflections at the pumped faces.
The zig-zag path helps to compensate for gradients in both gain and temperature in the
zig-zag plane by the effect of spatial averaging, whereby all parts of the beam experience
the same overall gain and phase shift regardless of the path taken, which helps reduce
the effect of thermal lensing. The zig-zag path also helps to eliminate the problem of
thermally-induced birefringence [26]. Over 200 W has been demonstrated from zig-zag
lasers, with M2 < 1.5 [27, 28].
Cooling is usually performed through the large top and bottom faces [29, 30]. Al-
though this can be the most efficient cooling method, it also leads to strong thermal
gradients in the plane perpendicular to the zig-zag. An alternative is to cool through
the pumped faces [12, 31], in which case thermal gradients form predominantly in the
zig-zag plane where they are compensated for by spatial averaging, but this also makes
efficient heat removal more complicated to achieve.
Figure 1.3: Diagrams showing slab lasers in (a) a zig-zag and (b) a bounce configuration.
Both designs are side pumped by a diode array and conduction cooled via their large top and
bottom faces.
One variation on this design is known as the bounce geometry, where the laser mode
makes just a single total internal reflection at the pumped face (see fig. 1.3 (b)). By
employing a grazing angle of incidence, the light remains close to the pump face as it
passes through the crystal, making the design suitable for materials that absorb strongly
at the pump wavelength. The overlap leads to highly-efficient lasing and extremely high
single-pass gains, and the design is capable of producing TEM00 powers up to 100 W [32].
As the subject of this thesis, the bounce geometry is described in detail in section 2.2.
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Thin disk
The thin disk geometry [33] is one that provides true power scaling potential. In a thin
disk laser (shown in fig. 1.4), the gain medium is a disk of only ∼ 100 µm in thickness,
which is cooled on one side and pumped on the other. The back of the disk is coated to
reflect both the pump and laser wavelengths, and functions as an end or turning mirror
in the laser cavity. The thinness of the gain region makes for highly efficient cooling
and creates a virtually one-dimensional heat flow along the optical axis, with very weak
thermal lensing. Consequently, thin disk lasers can be pumped extremely hard without
being limited by fracture or massive beam degradation [8]. Furthermore, the design is
easily power scalable by increasing the area of the pump while maintaining a constant
pump power density [34]. Kilowatt powers can be achieved with diffraction-limited beam
quality [4], and multimode powers as high as 16 kW are commercially available [35].
Figure 1.4: Schematic of a basic thin disk laser.
Fiber
Fiber lasers present a radical alternative to the above ‘bulk’ geometries, where the active
medium takes the form of an optical fiber. Pump light is injected into the end of the
fiber, and the fiber acts as a waveguide for both the pump and laser light. The design
is simple, and allows for highly efficient cooling due to the large surface area. Moreover,
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by using fibers that support only a single transverse mode, distortions are strongly
suppressed. The main attraction of fiber lasers is therefore their potential for extremely
high output powers; commercial systems with up to 50 kW CW output are available [36],
and multi-kilowatt powers can be achieved in near-diffraction-limited beams [37, 38].
Despite their unmatched power, fiber lasers have some limitations. Nonlinearities in
the material can lead to self-focusing, limiting their used in pulsed operation, and Bril-
louin scattering can limit single longitudinal mode output [4]. It is also difficult to achieve
linearly polarised output due to birefringence [4]. Nevertheless, for their extremely high
power and excellent beam quality, as well as comparatively low manufacturing costs,
fiber lasers have become very popular laser sources for many applications.
1.3 Thermal issues in lasers
The designs described in the previous section largely came about through an attempt to
mitigate the effects of heating in the laser medium. In this section, the origin of heating
in a laser medium and its effects on laser operation are described. The mechanisms
behind thermal lensing are presented, along with an analysis of how this effects a laser
resonator.
1.3.1 Heat generation mechanisms
The bulk of the heat generated in DPSS lasers usually comes from the quantum defect,
i.e. the energy difference between pump and laser photons. Energy transfer between
the pump level and the upper lasing level takes place non-radiatively, with the energy
released into the medium as heat. Although quantum defect heating is unavoidable, it
can be reduced by choosing materials and pump transitions that minimise the defect. In
addition, many energy transfer processes can occur between laser ions that may involve
non-radiative transitions; many two and three-body processes exist which transfer energy
between ions in a solid-state medium, often resulting in extra heating. Three important
processes are described below.
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Auger upconversion
Auger upconversion (also known as energy transfer upconversion) is the name given
to a process in which energy is exchanged between two neighbouring ions in the same
level, sending one to a higher level and the other to a lower, as shown in fig. 1.5 (a).
The upconverted ion then decays either radiatively (often at a shorter wavelength than
the pump photon) or non-radiatively. In the case of non-radiative decay, the energy is
deposited as phonons in the host material, generating heat. When upconversion occurs
in the upper laser level, it acts to both reduce the population inversion and produce
heat.
Upconversion processes can however be beneficial. One notable example being in
erbium lasers where the upconversion between ions in the lower laser level acts to recycle
the population inversion (see chapter 6). The process has also been exploited to make
upconversion lasers, whereby wavelengths shorter than the pump wavelength can be
generated.
Figure 1.5: Energy level diagrams showing (a) Auger upconversion (b) cross relaxation,
and (c) excited state absorption (shown with both pump and laser photons).
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Cross-relaxation
A somewhat similar process exists known as cross-relaxation, shown in fig. 1.5 (b). Two
ions in different levels exchange energy, with both ions finishing in some intermediate
level; after this the ions generally decay non-radiatively, transferring heat to the medium.
This can occur between many combinations of energy levels, but the result is usually a
reduction in the population inversion and the generation of heat.
Excited state absorption
Another important process is excited state absorption (ESA), whereby an already-
excited ion absorbs another photon to excite it to an even higher energy level (see
fig. 1.5 (c)). This can occur by either sequential absorption of a second pump photon
or by absorption of a laser photon. Again, the newly-excited ion can then decay by a
combination of radiative and non-radiative processes, resulting in heating of the laser
medium.
Each of the three processes described above is weaker when lasing takes place, as the
upper level population is reduced. This means that under non-lasing conditions the heat
loading is usually higher.
1.3.2 Impact of heating on laser operation
The generation of heat in a laser can have many unwanted consequences. Heating
causes expansion of the material, leading to stress, and ultimately fracture. This has a
big impact on laser design, requiring that pump intensities are kept below the material’s
fracture limit. Stress on the material can also induce birefringence, rotating the axis
of polarisation of the laser beam. If the laser contains polarising elements, as is very
often the case, then a loss is experienced. In rod lasers, a common way to compensate
for this problem is to use two identical laser rods and a 90◦ rotator, such that the
induced birefringence of each rod exactly counters the other [39, 40]. Alternatively, a
single rod can be made to compensate for its own birefringence with the addition of a
quarter-wave plate [41]. If the laser material is naturally birefringent however, the effect
of stress-induced birefringence is minimal.
Another consequence of heating in the laser amplifier is thermal lensing, which arises
29
1.3 Thermal issues in lasers
as a consequence of the thermally-induced phase shift experienced by a laser beam as it
passes through a laser medium. Pumping and cooling of the medium generally lead to
an uneven temperature distribution, and so thermal (and hence phase) gradients form
that usually have some component transverse to the laser beam. Depending on the
pumping and cooling geometry, this often gives rise to a parabolic phase profile, i.e. a
lens.
There are two main mechanisms by which a temperature-dependent phase shift can
occur, based on the thermooptic and photoelastic effects. By the thermooptic effect,
the material sees a linear change in its local refractive index with temperature, in pro-
portion to the thermo-optic coefficient of the material, dn/dT . Under the photoelastic
effect, stress caused by heating of the material induces a birefringence, also changing the
refractive index. In addition to these effects, ‘bulging’ of the faces of the laser material
can occur due to thermal expansion, which also leads to a phase shift as the laser beam
passes through. Generally, the focusing effect of each of these mechanisms is positive
(however in some materials dn/dT is negative, which can counteract the positive fo-
cusing from stress and bulging effects). For solid-state materials such as Nd:YAG, the
dominant contribution to thermal lensing usually comes from the thermooptic effect [5].
The actual thermal profile generated in the laser medium is highly dependent on
the amplifier geometry, but fortunately for the laser designer, diffusion of heat often
leads to a near-parabolic profile near the laser axis and the medium, which means it
can be treated as a thick lens. However, this assumption is only valid close to the axis,
and away from it there are often strong aberrations from the case of a parabolic lens.
To predict the dioptric power of a thermal lens, numerical modelling is often required,
however in the simple case of an end-pumped laser rod a rough estimate can be obtained
analytically (assuming only the thermooptic contribution) according to [5]
1/f =
Pheat
κA
(
1
2
dn
dT
)
(1.1)
where f is the thermal lens focal length, Pheat is the total heat power distributed into
the rod, A is the cross-sectional area of the rod, κ is the thermal conductivity of the
medium, and dn/dT is its thermooptic coefficient. The dioptric power of the thermal
lens is therefore approximately proportional to the heating power, and it can be shown
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that this remains true when both the bulging and stress-induced lensing effects are
taken into account as well [5]. In fact, this dependency also manifests in other, more
complicated geometries than the rod, including the bounce geometry [42]. Thus, the
thermal focusing effect in a laser can very often be simplified to the case of an internal
thick lens with a dioptric power that is linearly proportional to pump power, and its
effect on the laser can be analysed with relative ease.
1.3.3 Cavity stability
The presence of a thermal lens in a laser cavity has the potential to destabilise it,
preventing laser oscillation above a certain pump power. Even if the thermal lens does
not destabilise the cavity, it can modify the cavity configuration enough to change the
size of the resonator modes, which can have a major impact on the laser’s spatial output.
To understand these effects, we can use the theory developed by Kogelnik [43, 44] and
later expanded on by Magni [45] (whose notation will be used here). A resonator is
considered that contains an internal thick lens of focal length f . By defining the cavity
arm lengths as measured to the principal planes of the lens, this can be reduced to the
simpler case of a resonator with an internal thin lens, which is shown in fig. 1.6. The
radii of curvature of the two mirrors are given by R1 and R2, and the distances between
each mirror and the nearest principal plane of the lens are L1 and L2 respectively.
Figure 1.6: General resonator with internal thin lens. A resonator containing a lens-like
focusing element can be approximated to this if L1 and L2 are measured to the principal
planes of the focusing element.
By imaging mirror 2 through the lens, an equivalent empty resonator can be found,
which has the same cavity mirrors but no thermal lens. The equivalent resonator has
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similar modes to the resonator described above, and has length
Leq = L1 − fL2
L2 − f (1.2)
The g-parameters defining the stability of this resonator are then easily found, thus
yielding modified g-parameters for the resonator with an internal lens
g1 = 1− L2
f
− L
′
R1
(1.3)
g2 = 1− L1
f
− L
′
R2
(1.4)
where the resonator obeys the stability criterion 0 < g1g2 < 1, and an effective cavity
length has been defined as
L′ = L1 + L2 − L1L2
f
(1.5)
This gives us a means of analysing a resonator in terms of its stability. Equations 1.3
and 1.4 give the position of a given resonator configuration on the (g1, g2) plane, which
plots a straight line as the focal length is varied. To illustrate this, these equations were
plotted for the case of a plane-parallel resonator in fig. 1.7, where the shaded regions
mark the values of g1 and g2 where the cavity is stable. The resonator begins at point 1
with f =∞. As the thermal lens power (1/f) is increased, the resonator moves through
two zones in which the configuration is stable. Between these zones, i.e. between points
2 and 3, the resonator passes through an unstable zone where no stable cavity modes
exist. Eventually the resonator reaches point 4, after which the thermal lens is too
strong to support stable oscillation. In the case of an exactly symmetric resonator the
gap between these zones goes to zero and they behave as one large zone. In the general
case however, it can be shown that for any asymmetric resonator configuration there are
always two stability zones with respect to 1/f [45].
These points of critical stability are defined by the thermal lens strength required
to focus the cavity mode onto either the cavity mirrors or their centres of curvature.
The resonator reaches critical stability when, in each arm of the cavity, a focus forms at
either the mirror or its centre of curvature, and these four possible combinations give the
points 1–4 in fig. 1.7. The order in which these points occur with respect to 1/f depends
on the exact resonator configuration, which means that different cavity configurations
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Figure 1.7: Plot of g1 against g2, with the stable cavity configurations shaded. Lines are
drawn to indicate the behaviour of a plane-parallel cavity as the thermal lens dioptric power
is increased. The resonator generally passes through two stability zones for an asymmetric
cavity (dashed lines) but for a perfectly symmetric cavity (full lines) these merge into one.
trace different lines through the (g1, g2) plane (but always passing through both stability
zones).
It is useful to know whether a given cavity configuration will be stable, but to design
effective laser resonators we really want to know the size of the fundamental cavity
mode. In order to calculate this, Magni has simplified the analysis by introducing the
variables u1 and u2.
u1 = L1
(
1− L1
R1
)
(1.6)
u2 = L2
(
1− L2
R2
)
(1.7)
For convention, the ‘long’ and ‘short’ arms of the cavity are labelled 1 and 2 respectively,
according to |u1| ≥ |u2| (which reduces to L1 ≥ L2 for a plane-plane resonator). By
considering the modes of the equivalent resonator, the spot sizes on the two mirrors (w1
and w2 respectively) and at the lens (w3), defined as the radius where the electric field
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amplitude goes to 1/e of its maximum, can be shown to be
w21 =
λ |L′|
pi
[
g2
g1(1− g1g2)
]1/2
(1.8)
w22 =
λ |L′|
pi
[
g1
g2(1− g1g2)
]1/2
(1.9)
w23 =
λ
pi
[
4u1u2g1g2 + (u1 − u2)2
(1− g1g2)g1g2
]1/2
(1.10)
These spot sizes are plotted as a function of thermal lens power in fig. 1.8. At each
of the critical points the spot size at the mirrors go to infinity or zero, and the spot size
at the thermal lens goes to infinity. In between critical points, w3 reaches a minimum
value of w30, which is given by
w230 =
2λ
pi
|u1| (1.11)
Figure 1.8: Plot of the mode radius at the two cavity mirrors (w1,2) and at the lens (w3)
as a function of thermal lens dioptric power for a general asymmetric resonator with internal
lens.
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This is a useful result, as it enables us to calculate the effect that the thermal lens
has on the laser mode. Armed with this knowledge, it is possible to design a cavity with
a desired mode radius even when a strong thermal lens is present. In sections 2.4 and
3.3 it will be shown how this can be exploited to encourage a laser to oscillate on the
TEM00 mode at high power.
1.4 Q-switching
Q-switching is a popular means of obtaining high-energy pulses from a laser, enabling
intensities that are orders of magnitude higher than in CW mode. First developed
by McClung and Hellwarth [46], the technique involves increasing the cavity losses to
temporarily prevent laser action, allowing the population inversion to build up to levels
much higher than threshold. ‘Opening’ the Q-switch then allows the formation of a
giant pulse, in which the stored energy is released in a short time.
The laser dynamics behind giant pulse formation are illustrated in figure 1.9. When
the Q-switch is ‘closed’, the cavity losses are high (i.e. the cavity Q factor is low – zero
for an ideal Q-switch) and population inversion builds up in the gain medium. When the
Q-switch is opened (at t = 0) the cavity loss returns to its unmodulated value and the
cavity is free to lase. The photon flux eventually builds up from spontaneous emission,
growing exponentially to form a giant pulse that rapidly extracts all the population
inversion. The theory behind giant pulse formation was first formulated by Wagner and
Lengyel [47], and the reader is referred here for a full mathematical description.
The duration of the pulse is determined by both the resonator length and the number
of round trips required to extract the stored energy, therefore short cavity, high gain
lasers favour shorter pulse durations. Typical Q-switch pulse durations are on the order
of 10s of nanoseconds or higher. It is important that the switching time of the Q-switch
is short compared with the pulse build-up time, otherwise the extra loss will interfere
with pulse formation.
1.4.1 Methods of Q-switching
Modulation of the cavity loss is usually performed actively, using either acousto-optic
(AO) or electro-optic (EO) modulators, or passively with a saturable absorber. Mechan-
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Figure 1.9: Giant pulse formation in an actively Q-switched laser. Population inversion
builds up to far above threshold while the Q-switch is closed, then the Q-switch is opened at
t = 0 and a giant pulse forms which extracts the population inversion in a short time.
ical Q-switching is also possible using e.g. a rotating mirror, but this is rarely used in
modern lasers.
Acousto-optic Q-switching
Acousto-optic modulators make use of a piezoelectric transducer to induce a high fre-
quency sound wave in a transparent material. This sets up a periodic refractive index
grating though the acousto-optic effect. By inserting this into a laser cavity, the laser
light can be made to diffract from the grating when the modulator is switched on, thus
providing a loss which enables Q-switching. Advantages of this method include the low
power needed to operate the modulator, short switching times, and its relatively low
cost. It also requires the insertion of only one component into the cavity. However
the main drawback is that the loss introduced is typically much lower than that of EO
modulators, which can lead to break-through in a high gain system.
Electro-optic Q-switching
Electro-optic Q-switches are typically based on a Pockels cell that rotates the polarisa-
tion in the cavity. In combination with a polariser, light can be ejected from the cavity
to reduce the cavity Q, and then the polarisation can be flipped to allow lasing. Very
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high losses can be achieved with an EO Q-switch, and the switching time is usually very
short. However, driving the Pockels cell requires a very high voltage, and switching this
voltage quickly can cause problems such as piezo-electric ringing.
Passive Q-switching
Q-switching can also be performed passively using a saturable absorber. A saturable
absorber introduces a loss to the cavity, and only becomes transparent when saturated
with a sufficiently high optical intensity. Thus lasing can be suppressed until the ampli-
fier gain builds to a sufficient level to saturate the absorber and increase the cavity Q.
This design can benefit from simplicity and speed, since it is entirely passive, yet offers
little control over the repetition rate and often results in less regular pulses than with
active modulation.
1.5 Thesis outline
Chapter 2 introduces the bounce geometry laser, which is the subject of this thesis. The
concept is described, and its practical issues are discussed. The current state of the art is
then summarised, and several laser systems are constructed to demonstrate high-power
performance of such a laser with an Nd:YVO4 gain medium. A high-power multimode
laser oscillator is presented, and it is shown how the resonator can be re-designed so
that it oscillates predominantly on its fundamental TEM00 mode. Q-switching of this
laser with an AO modulator is demonstrated at extremely high repetition rates of up to
1.7 MHz.
In chapter 3, a technique is presented for imposing radial symmetry on the bounce
amplifier through control of the pump dimensions and bounce angle. It is shown how
this allows the generation of high-quality circular TEM00 output from a bounce laser
oscillator with none of the astigmatism usually present in the bounce. In addition, the
larger gain volume of this design allows much greater control of the Q-switch repetition
rate compared to many previous bounce lasers, leading to much higher pulse energies
(up to 0.45 mJ). This stigmatic design is shown to facilitate the generation of a high-
power (16.6 W) radially-symmetric “doughnut” beam. This is achieved using a simple
technique that exploits aberrations in the thermal lens, and numerical modelling of the
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thermal lensing effect in the amplifier is performed to understand this process. It is
shown interferometrically that the beam contains a phase vortex. Finally, the stigmatic
oscillator is shown to give improved performance from a modelocking technique known
as nonlinear mirror modelocking (NLM). More stable modelocking is demonstrated com-
pared with previous bounce geometry NLM modelocked lasers, thus overcoming one of
the main issues of this promising technique.
In chapter 4, power scaling of bounce geometry lasers is investigated by means of a
master oscillator power amplifier (MOPA) configuration. Several approaches to bounce
MOPA design are considered, and systems are demonstrated to test them. These in-
cluded a chain of multiple amplifiers in which power was amplified to over 100 W, and
a stigmatic MOPA that used the amplifier scheme from chapter 3 to maintain beam
stigmatism and circularity under amplification. Finally, the issue of pulse amplification
is addressed, and an amplifier is presented which was designed to maximise the energy
amplification of a Q-switched laser oscillator, with over 1 mJ obtained.
Building on work from the previous chapter, a design for a laser amplifier is in-
troduced in chapter 5 that combines multiple bounce amplifier stages into one crystal,
thus overcoming some of the complexity and size issues associated with amplifier chains.
The COmpact Face-Folded INternally (COFFIN) amplifier is first demonstrated in a
laser oscillator, which gives up to 32 W power in a near-TEM00 beam, and the laser is
Q-switched at repetition rates from 150 to 600 kHz, with corresponding pulse widths
of 17–37 ns. As a power amplifier, the dual-pumped design allows power scaling to the
100 W level, with an extraction efficiency of 45%, and it proves better at preserving the
beam quality than the multi-amplifier design of chapter 4. Possible extensions of the
concept for further power scaling are discussed.
In chapter 6, a 3 µm erbium bounce laser using an Er:YSGG gain medium is pre-
sented. Erbium is first reviewed as a laser gain medium, and its energy level structure
and energy transfer processes are examined while discussing the theory behind 3 µm
laser operation in erbium. Literature results for previous erbium lasers are reviewed,
and some popular gain materials are compared. After this, two cavity designs for an
Er:YSGG bounce laser are proposed, and laser action is demonstrated with both. In
quasi-continuous wave (QCW) operation with a pump pulse duration of 1 ms, pulse
energies of up to 15 mJ are demonstrated, with over 400 mW average power. Thermal
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effects are analysed, and are shown to limit the duty cycle of the laser. The performance
of this system is discussed, and compared with literature results for previous Er:YSGG
lasers and other erbium bounce lasers.
Finally, chapter 7 summarises the main results and conclusions from this thesis. The
work from each chapter is then analysed to consider how well it achieves the goals set
out at the start, and suggestions for further work are made.
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Chapter 2
Bounce geometry laser design
2.1 Introduction
The bounce geometry is a promising laser design which, after much recent development,
is being realised as an effective and unique DPSS architecture. It is based loosely on
the zig-zag slab design but with the laser mode making only a single grazing-incidence
reflection at the pump face, a feature that makes the design ideally suited for use with
highly absorbing materials such as Nd:YVO4. The result is a compact, efficient, and
power scalable laser geometry, with an extremely high gain that makes it unique among
DPSS archetypes.
This chapter discusses the current state of the art of bounce geometry laser design,
and presents some recent results from a high-power Q-switched oscillator. First, the
bounce geometry concept itself is described, along with its practical implementation. A
brief discussion of the requirements for gain media in the bounce geometry is then given,
and several suitable media are compared. Next, a high-power multimode oscillator is
demonstrated, and a modification of this design is shown to allow near-TEM00 output in
an asymmetric cavity configuration, which is explained in the context of cavity stability
theory. Finally, Q-switching in the bounce geometry is discussed, and a high-power
oscillator is shown that can operate at high pulse repetition rates with an AO Q-switch.
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2.2 The bounce geometry
The bounce geometry was first proposed by Bernard and Alcock in 1993 [48], who
developed it into an effective scheme for producing high Q-switch pulse energies at
1 µm [49, 50], and generating very high small-signal gains [51]. The design was also
worked on by a group at Lawrence Livermore, who had success in producing high-
power Er:YAG lasers at 3 µm [52, 53]. These systems were however mostly limited to
quasi-continuous wave (QCW) pumping due to strong thermal lensing, with average
output powers little larger than 1 W. The bounce design was taken further by Damzen
et al. in 2001 [54], who achieved continuous wave (CW) operation at powers of over
20 W. The design has since generated significant attention, and systems have been built
that demonstrate extremely high repetition rate Q-switching [55–57], power scaling to
100 W [32], modelocking [58, 59], and self-adaptivity inside the laser medium [60, 61].
The technology has also matured as a commercial reality, with at least two companies
currently offering ultraviolet DPSS lasers based on the bounce geometry.
2.2.1 Concept
In the bounce geometry, the laser mode makes a single total internal reflection (TIR)
‘bounce’ at grazing incidence to the pumped face of the slab. When a material with
a short pump absorption depth is used, the shallow angle ensures that the laser mode
remains in the shallow region of high gain as it passes through the slab, and it also
spreads the mode across the face, providing good spatial overlap with the gain. In
addition, the bounce path helps to average out thermal gradients in the plane of the
bounce, reducing the effect of thermal lensing. The result is a highly efficient pumping
mechanism; optical power conversion efficiencies as high as 68 % have been reported
from bounce oscillators [62] (a value which was 89 % of the quantum defect limit).
The bounce amplifier design, as it is often implemented, is shown in fig. 2.1. This
diagram shows the pump light (coloured in orange) being absorbed in a shallow region
close to the pump face, and the laser mode (red) making a grazing-incidence bounce
through it. In this particular design, the pump beam is first collimated along its fast
axis by a microlens attached to the bar, before being focused onto the pump face of the
slab by a short focal length vertical cylindrical lens (VCL) in the y direction, creating
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a thin line of gain approx. 10 mm × 100 µm on the face1. Two more lenses (VCL1
and VCL2) in the cavity match the laser mode to this gain region in the vertical. This
tight coupling of mode and pump can yield extremely high single-pass gains (small-signal
gains as high as 104 have been measured [63]). Typical dimensions for the slab, as shown
on the figure, are around 20 mm × 5 mm × 2 mm.
Figure 2.1: Conceptual diagram of the bounce geometry. Some typical dimensions of the
slab are shown.
In the set-up described above, the amplifier is essentially decomposed into horizontal
(in the plane of the bounce, x-z) and vertical (perpendicular to the bounce, y) directions,
a convention which will be used throughout this thesis. Unlike a rod or a disk laser for
example, the bounce geometry has an inherent asymmetry due to the total internal
reflection. The gain profile and thermal effects are, in general, non-circular as viewed
in the transverse plane of the laser mode. Accordingly, the above set-up treats the
horizontal and vertical components separately in order to optimise the overlap and
simplify the design.
One of the most notable features of the bounce design (particularly in the imple-
mentation described above) is its high gain, which contributes to its efficiency and
1VCLs are defined here as lenses in which the focusing action is in the vertical (y) direction, i.e.
leading to the formation of a horizontally-oriented line focus.
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power scalability. Many high-power TEM00 oscillators have been demonstrated [52–
54, 57, 58, 62, 64–66], with some systems showing TEM00 powers as high as 40 W from
individual oscillators [10, 67, 68]. Further power scaling is possible with bounce geom-
etry power amplifiers. Highly-efficient amplifiers in single or double pass configurations
can be built, which has allowed power scaling to the 100 W level [32]. Another benefit
of the bounce geometry’s high gain is the ability to Q-switch at very high repetition
rates (>100 kHz) [9, 55, 56, 64, 69, 70], with some systems even able to reach megahertz
pulse rates [57, 63, 71]. Adaptive bounce lasers have also been built using real-time gain
grating holography. The high gain helps to achieve the necessary saturation of the laser
medium in order to perform phase conjugation without the need for high pulse ener-
gies [72, 73], and this has allowed the construction of efficient CW and QCW adaptive
bounce lasers [61, 74].
2.2.2 Thermal lensing
Heat is usually removed from a bounce amplifier via the two largest (typically 20× 5 mm)
faces. Since no light passes through these faces, they can easily be conduction cooled
by contacting to a heat sink. The resultant heat flow, combined with the non-uniform
distribution of the pump light, leads to temperature gradients in the amplifier. These
gradients give rise to thermal lensing as a result of both the temperature dependence of
the refractive index (dn/dT ) and the stress caused by expansion of the gain medium.
It has however been estimated that the latter makes a relatively small contribution to
the thermal lens and can be neglected [42, 75]. If dn/dT is positive (as is true for most
solid-state media), this leads to a positive thermal lens.
Heat flows outwards from the centre of the amplifier along the vertical direction to
the cooled top and bottom faces. Near the centre this creates a temperature profile
that is approximately parabolic, resulting in a thermal lens along the vertical direction.
In the horizontal, a thermal lens arises due to temperature gradients caused by the
exponential absorption of the pump along the z-axis. Spatial averaging over the bounce
partly compensates for this, but because of the grazing-incidence bounce angle and the
finite width of the gain region, the beam does not see complete spatial averaging near the
edges. This is illustrated in fig. 2.2, which shows the extreme paths taken by the beam as
it passes through the temperature distribution in the amplifier [65, 76]. In this diagram,
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the amplifier has been mirrored about the pump face to better illustrate the path length
experienced by different parts of the beam. Rays that bounce near the centre of the
pump face pass through more of the hot gain region than those which bounce near the
edges. The phase shift experienced by the beam therefore varies across it, creating a
horizontal thermal lens. This effect can be reduced by increasing the bounce angle, but
this reduces the overlap between the laser mode and the gain region. The ‘optimum’
bounce angle is a practical compromise between better overlap and weaker lensing (for
example in high-power Nd:YVO4 systems a bounce angle of between 5–8
◦ is generally
found to be optimal [32, 54, 62]).
Figure 2.2: Top-down diagram showing extreme paths taken by the laser mode (red)
through the exponentially-absorbed pump radiation (orange) in a bounce amplifier. These
paths can be considered equivalent to passing through two back-to-back amplifiers as illus-
trated [65, 76].
As explained above, the thermal lensing effect in the bounce is generally astigmatic.
Indeed, the ratio of the vertical dioptric power to the horizontal has been measured
previously to be approximately 20 [77]. This astigmatism complicates the design of the
laser cavity, but the situation can be greatly simplified by the use of intracavity VCLs.
Because the laser mode is focused vertically through the amplifier, the mode size in
the amplifier is very small, and thus the focusing effect of the vertical thermal lens is
strongly limited by diffraction. Conversely, in the horizontal direction the mode size is
much larger, and the thermal lens has a much more significant effect on the mode even
though it is weaker than the vertical thermal lens. The consequence is that the effect of
the vertical thermal lens can largely be ignored, as only the horizontal lens will have a
significant impact on the laser’s behaviour.
2.2.3 Comparison of gain media
The bounce geometry was designed specifically for use with gain media that absorb
strongly at the pump wavelength, so this is the primary requirement when selecting a
44
2.2 The bounce geometry
suitable material. If the absorption is weak, a large bounce angle is required to achieve
sufficient overlap. Besides a high absorption coefficient, there are many properties that
are desirable in a bounce geometry gain medium. A large stimulated emission cross
section is important to maximise gain and give good optical conversion efficiency. Of
course, as with any solid-state laser, thermo-optic properties such as high thermal con-
ductivity, low thermal expansion, and low thermo-optic coefficient (dn/dT ) as well as
low quantum defect are also important. If the laser is to be Q-switched or modelocked,
factors such as the fluorescence lifetime and gain bandwidth may also be significant.
Neodymium-doped crystals such as Nd:YVO4, Nd:GdVO4, and Nd:YAG have all been
demonstrated to work well in the bounce, and the geometry has also proved effective
in 3-micron Er:YAG systems [52, 53], which are discussed in more detail in chapter 6.
Table 2.1 shows a comparison of some popular solid-state materials that have been
investigated for this geometry.
With its excellent thermal properties, Nd:YAG has been an industry standard solid-
state laser medium for some time, and it has shown decent performance in the bounce ge-
ometry. However, high dopant concentrations are required to achieve sufficiently strong
absorption, and this is difficult to achieve in Nd:YAG as the neodymium ions introduce
strain on the crystal lattice. Nevertheless, high-quality crystals can be grown with 2 at.%
doping2 with the Czochralski method, which yields an absorption depth3 of < 700 µm–
short enough for efficient operation in the bounce geometry. An Nd:YAG bounce oscil-
lator has been demonstrated with up to 46 W output power and a slope efficiency of
60 % [68]. The long lifetime of Nd:YAG also helps with energy storage [68, 69]. Ce-
ramic Nd:YAG has also been investigated [9, 10, 69] as it can be grown to much higher
doping levels without problems, and is potentially cheaper to produce. However, results
published to date have shown poorer high-power performance than crystalline Nd:YAG,
with the highest reported slope efficiency only 44% [10].
Recent results have also shown some promising performance from Nd:YLF in the
bounce geometry. The thermal properties of Nd:YLF are arguably even better than those
of Nd:YAG, as the material has a negative dn/dT which creates a divergent thermal lens
that can offset lensing caused by bulging at the crystal faces. The lifetime is also much
longer than that of Nd:YAG, which would allow higher energy storage. However the
2This is the atomic percentage, i.e. the fraction of yttrium ions replaced by neodymium ions.
3Absorption depth is defined as the inverse of the exponential absorption coefficient.
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Nd:YVO4 Nd:YAG Nd:YAG Nd:YLF
(crystalline) (ceramic)
Highest slope efficiency [%] 71 60 44 49
Doping level [at.%] 1.1 2.0 2.0 0.8
Spectroscopic properties
Fluorescence lifetime [µs] 90 175 174 485
Peak absorption 31 14.7–17.5 20 8
coefficient ‖c [cm−1] @ 808 nm @ 808 nm @ 808 nm @ 792 nm
Stimulated emission 12 4 4 1.8
cross-section ‖c [−19 cm2] @ 1064 nm @ 1064 nm @ 1064 nm @ 1047 nm
Thermal properties
Thermal conductivity ‖c 5.23
13 10
6.3
[Wm−1K−1] ⊥c 5.10 6.3
Thermo-optic coefficient, ‖c 3.0
7.3 6.9
-4.3
dn/dT [10−6 K−1] ⊥c 8.5 -2.0
Refs. [62, 78–80] [5, 68, 81, 82] [10, 11, 83] [66, 84, 85]
Table 2.1: Spectroscopic and thermal properties of some Nd-doped solid-state mate-
rials at the doping levels used in the bounce geometry. The highest bounce geometry
slope efficiency reported in the literature for each material is also given. For non-
isotropic materials, some properties are given parallel (‖c) and perpendicular (⊥c) to
the c-axis.
absorption coefficient and stimulated emission cross-section are both low compared with
Nd:YAG or Nd:YVO4. A slope efficiency of 49% has been reported [66] in a bounce
geometry Nd:YLF oscillator, albeit at a larger bounce angle to account for the low
absorption coefficient.
The best results however have been reported from the Nd-doped vanadates Nd:YVO4
and Nd:GdVO4 doped at 1.1 at.%. The strong absorption of Nd:YVO4 at the pump
wavelength of 808 nm gives a very short absorption depth of ≈ 240 µm. This, coupled
with the very large stimulated emission cross-section (around 3 times that of Nd:YAG),
has enabled some extremely efficient systems to be built. A slope efficiency of 71 %
was demonstrated in Nd:YVO4 [62], which is the highest reported from the bounce
geometry. Vanadates are also naturally birefringent, so they avoid the thermally-induced
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depolarisation loss that can reduce the laser efficiency in isotropic crystals such as YAG.
Thermally, Nd:YVO4 fares poorly compared to Nd:YAG, but it appears this is less
of a handicap in the bounce geometry, where its benefits outweigh its poorer thermal
properties. Comparable performance has also been obtained from Nd:GdVO4, whose
properties are fairly similar to Nd:YVO4. The larger gain bandwidth of the former
makes it preferable for modelocking [59]. The yttrium vanadate however benefits from
a larger stimulated emission cross-section, and has been used for all 1-micron work in
this thesis.
2.3 Compact bounce oscillator
To demonstrate the operation of the bounce geometry, a simple high-power compact
oscillator is presented here. The oscillator was constructed as shown in fig. 2.3. The laser
amplifier consisted of a 1.1 at.% doped Nd:YVO4 crystal of dimensions 20 × 5 × 2 mm.
The crystal was a-cut with the crystallographic c-axis oriented in the y-direction. The
laser mode enters and exits through the two 5 mm × 2 mm end faces, which were
antireflection (AR) coated at the lasing wavelength of 1064 nm. Pumping the amplifier
was an 808 nm diode bar with a maximum CW power of 100 W. The output from
the bar was vertically polarised in order to access the stronger absorption coefficient in
Nd:YVO4 parallel to the c-axis. This was focused onto the pump face (which was AR
coated at 808 nm) by a vertical cylindrical lens (VCLD) of 12.7 mm focal length to form
Figure 2.3: Experimental set-up for compact bounce oscillator. HR is a high-reflectivity
mirror, VCL are vertical cylindrical lenses, and OC is a 30% reflectivity output coupler.
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a thin line of gain approximately 10 mm × 100 µm on the pump face.
The crystal was cut in a trapezoid shape as shown in fig. 2.4. The crystal end
faces were cut at an angle θC = 14
◦ to the pump face normal such that a linear cavity
(θext = 0
◦) could be built with a bounce angle of θB = 7.6◦, close to the empirical
‘optimum’ value. A second advantage of this shape is that the angled faces help suppress
parasitic lasing and amplified spontaneous emission (ASE) along the x-axis where the
gain is oriented. Varying the external angle, θext, allows some control over the bounce
angle, which is calculated by
sin(θC + θext) = n sin(θC − θB) (2.1)
where θB is the bounce angle measured from the pump face and n is the refractive
index of the slab material (in Nd:YVO4 with vertically polarised light at 1064 nm this
is 2.165 [79]).
Figure 2.4: Diagram showing (exaggerated) angles in a bounce geometry slab.
To cool the slab, it was placed in a water-cooled copper heat sink, with indium foil to
provide an effective contact between the copper and the two large 22 mm × 10 mm faces.
The high-power diode bar was cooled by micro-channel water cooling. As discussed in
section 1.2.1, the pump wavelength of a laser diode is highly temperature dependent.
The water temperature was tuned at the highest pump power while the laser was running
to find the temperature that gave the maximum laser output power.
The laser cavity was formed between a high-reflectivity (HR @ 1064 nm) mirror and
an output coupler (OC) with reflectivity R = 30 %. Two f = 50 mm vertical cylindrical
lenses (VCL1 and VCL2) in the cavity created a beam waist in the crystal, thus matching
the laser mode to the narrow gain region in the vertical. The oscillator was operated
in a symmetric, compact configuration with L1 = L2 = 65 mm to minimise diffractive
losses.
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The output power and optical-to-optical conversion efficiency of this laser as a func-
tion of pump power are shown in fig. 2.5. A maximum output power of 52 W was
obtained for a pump power of 95 W, with a conversion efficiency of 55 % and slope
efficiency of 56 %. The efficiency of this laser was lower than has been reported for
some other bounce oscillators [62], which is due partly to stronger thermal lensing, but
also the use of a high-power (100 W) diode bar, whose spatial profile was noisier than
the lower power diodes used in many previous bounce oscillators. Figure 2.6 shows the
far-field intensity profile of the beam at 52 W output power. Spatially, the beam was
close to Gaussian along the vertical axis, but highly multimode along the horizontal,
becoming more multimode as the pump power was increased. While this cavity design
effectively matched the fundamental mode to the gain profile in the vertical, this was
clearly not the case in the horizontal.
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Figure 2.5: Output power and optical-to-optical power conversion efficiency as a function
of pump power for compact bounce laser oscillator.
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Figure 2.6: Far-field spatial intensity profile of the beam at 52 W output power.
To see how well matched the mode was to the gain, the spot size of the fundamental
mode was calculated from the stability theory in section 1.3.3 (31). From equation 1.11,
the minimum spot size at the midpoint of a symmetric cavity is given by
w30 =
√
λ
pi
L (2.2)
We can also calculate the horizontal width of the gain region as seen by the laser mode
(w′p) according to
w′p
wp
=
sin(θB) cos(θC + θext)
cos(θC − θB) (2.3)
where wp is the width of pump beam on the pump face. For this cavity we calculate
a minimum spot size diameter of 400 µm and an apparent pump width of 1.3 mm.
The fundamental mode was thus much narrower than the gain, and this allowed many
higher-order horizontal transverse cavity modes to oscillate as seen in fig. 2.6. Although
allowing so many modes to oscillate enabled a good overlap with the gain and a high
extraction efficiency, the brightness of the beam was poor.
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2.4 Fundamental mode output from an asymmetric res-
onator
To optimise the horizontal beam quality, the oscillator was designed so that the funda-
mental mode spot size in the cavity was well matched to the size of the gain region. This
ensured that the TEM00 experienced the highest gain and suppresses higher-order modes
of the cavity. One way to achieve this is by using the cavity arm lengths to control the
mode spot size in the amplifier. TEM00 oscillation has been demonstrated by Minassian
et al, [62] in a bounce geometry laser by means of an asymmetric resonator configura-
tion, which exploits the changing stability of a resonator with an internal thermal lens
to achieve mode matching at high powers.
Figure 2.7: Experimental set-up for asymmetric near-TEM00 high-power oscillator.
An asymmetric cavity was constructed to give high-power TEM00 operation as shown
in fig. 2.7. The laser was similar to the compact design shown in the previous section,
but with cavity arms extended to L1 = 300 mm and L2 = 90 mm, and θB reduced to
5◦ to reduce the effective horizontal pump size. The output power and efficiency of this
oscillator as a function of pump power are shown in fig. 2.8. Near-TEM00 operation was
obtained at a pump power of 96 W, giving an output power of 47 W, corresponding
to a conversion efficiency of 49 %. A dip in the efficiency can be seen between approx.
26–92 W, where the cavity became unstable in the horizontal. To understand this, we
can apply the cavity stability theory from section 1.3.3.
It is a general feature of an asymmetric resonator with an internal thermal lens that
there are two regions of stable operation with respect to the lens power. This can be
seen in the plot of modified g-parameters in fig. 1.7 (page 33). By setting the arms of
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Figure 2.8: Output power and optical-to-optical power conversion efficiency as a function
of pump power for asymmetric bounce laser oscillator. The approximate locations of the
stability zones are shown, between which the laser efficiency is reduced.
the cavity to unequal lengths, the two stability zones become separated by an unstable
zone. As pump power (and hence thermal lens power) is increased, the resonator will
move between two stable regimes, separated by one of instability. We can see how this
happens by considering the mode profiles in the cavity at the critically stable points.
Since the resonator was plane-plane, the stability analysis is simplified – at each
critical point, the thermal lens focuses either at infinity or at one or both of the cavity
mirrors. This is illustrated in fig. 2.9, which shows the cavity mode at each of these
points. At zero pump power, the resonator starts off stable with f = ∞, and as the
power is increased it remains stable until the focal length is equal to the longest arm
(f = L1). At this point it goes unstable until the thermal lens is strong enough to focus
onto the closest cavity mirror (f = L2), at which point the cavity returns to stability.
The final stable point is reached when the lens is strong enough to focus onto both
cavity mirrors simultaneously, i.e. 1/f = 1/L1 + 1/L2. Varying the arm lengths enables
control over the positions of these critical points with respect to thermal lens power; L1
controls the onset of the instability and L2 determines when the cavity becomes stable
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again.
Figure 2.9: Cavity mode profiles at the 4 critical points of a plane-plane resonator with an
internal thermal lens of focal length f . The spot size at the lens at each of these points goes
to infinity.
To see how this cavity design enables us to achieve TEM00, we consider how the spot
size in the amplifier, w3 varies with thermal lens power. For a given cavity configuration,
the mode size in the amplifier is dependent on the dioptric power of the thermal lens
according to equation 1.10 (see page 34), which is plotted for a plane-plane cavity in
fig. 2.10. At each critical point the mode size goes to infinity, reaching a minimum value
of w30 in both stability zones. In the compact symmetric resonator of the previous
subsection we saw that the minimum spot size w30 was much smaller than the width of
the gain region. To obtain TEM00, we could design the cavity so that w30 is equal to the
width of the gain region, however this would require a much longer cavity, which would
go terminally unstable at a low pump power, preventing the full 100 W power of the
diode from being used. An alternative is to operate on one of the slopes of the stability
curve. As shown in fig. 2.10 there are four points a – d where w3 equals the width of
the gain region, w′p, and operating at one of these points should allow the TEM00 to
overlap well with the gain region and thus experience high gain and low loss.
By adjusting the arm lengths, the cavity was thus optimised to give TEM00 at the
diode’s maximum pump power by operating at point c on fig. 2.10. Interestingly, it was
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Figure 2.10: Plot of the theoretical spot size at the thermal lens as a function of thermal
lens power in a plane-plane resonator.
not possible to achieve TEM00 output by operating at points b or d, even though the
TEM00 would have been spatially matched to the gain region. A possible explanation
for this could be to do with the losses seen by higher-order cavity modes. The thermal
lens does not have a perfect parabolic shape, but contains aberrations where the focal
power decreases away from the optic axis. Higher-order cavity modes, which have more
power in the wings, experience these aberrations more strongly, and thus see a weaker
overall thermal lens. Consequently, when operating near point c, higher-order cavity
modes will lie in the unstable region, and will not oscillate. This is not the case at
points b and d however, and higher order modes are able to oscillate and extract some
of the unused gain in the amplifier.
The far-field spatial intensity profile of the output beam is shown in fig. 2.11 (a).
The beam had a central TEM00 spot, but a significant amount of higher-order ‘wing’
structure was also present along the horizontal axis. This was spatially separated from
the central spot in the far-field, but strongly interfered with it in the near-field. This
is caused by diffraction, most likely from the edge of the gain region (or possibly from
aberrations in the thermal lens). The beam quality was improved by spatial filtering
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with an adjustable aperture in the far-field, as shown in fig. 2.11 (b), resulting in a 23 %
power loss.
(a) (b)
Figure 2.11: Far-field beam profile of 47 W asymmetric bounce oscillator (a) before and
(b) after spatial filtering in the far-field.
A caustic was taken to measure the M2 of the beam. The beam was focused by a
spherical lens and observed on a CCD camera, and the second moment beam radius
was measured along the horizontal and vertical axes. The beam radius was plotted as a
function of the position along the optic axis in fig. 2.12. To obtain the M2, the data were
fitted by the least squares method with the following Gaussian propagation equation
w(z) = w0
√
1 +
(
z
zR
)2
(2.4)
where w is the beam radius, w0 is the minimum spot size, z is the distance along the
optical axis, and zR is the Rayleigh length given by
zR =
piw20
M2λ
(2.5)
where λ is the wavelength. The beam quality was thus measured to be M2x = 1.39±0.04
and M2y = 1.30 ± 0.02 in the horizontal and vertical directions respectively, indicating
that although the spatial quality was reasonably high, it was not pure TEM00. This
was likely due to the poor spatial quality of the high-power diode bar. The caustics also
show that the beam was non-circular and astigmatic, focusing at different locations in
the horizontal and vertical directions. This is a natural consequence of the asymmetry
of the bounce geometry which was discussed earlier.
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Figure 2.12: Caustics measured for output of asymmetric resonator (after spatial filtering).
Solid lines show curves fitted to the Gaussian propagation equation to estimate the M-squared.
2.5 Acousto-optic Q-switching
The oscillator was Q-switched with a fused silica acousto-optic modulator. This was
inserted into the output arm as shown in fig. 2.13, and the cavity configuration and
arm lengths were otherwise unchanged from the system described above. With the
laser pumped at 96 W pump power, a power of 43 W was obtained, which is a slight
reduction due to losses introduced by the acousto-optic crystal. Spatially, the beam
was the same as in the previous section, and was not affected by the addition of the
modulator. When the oscillator was Q-switched, the beam quality slightly improved
because the Q-switch has a greater diffraction efficiency for the TEM00, providing some
mode selectivity. Stable Q-switching was observed over a range of repetition rates of
750–1700 kHz, with an average power over 42 W throughout this range.
Figure 2.14 shows the average power and pulse width (full-width half-max duration)
as a function of repetition rate. The average power was nearly constant over this range,
while the pulse width increased linearly with repetition rate from 21 to 34 ns. The latter
occurred because the higher the repetition rate, the lower the gain when the Q-switch
is opened, and hence the longer the pulse takes to build up. The energy per pulse was
56
2.5 Acousto-optic Q-switching
Figure 2.13: Experimental set-up for Q-switched asymmetric oscillator.
calculated by dividing the average power by the repetition rate, and the peak power was
also estimated by dividing the energy by the pulse width, both of which are plotted in
fig. 2.15. Both of these decreased with repetition rate, simply because the amplifier was
pumped for a shorter time between pulses, and the maximum energy and peak power
were 58 µJ and 2.7 kW respectively (at 750 kHz).
The pulse train from the oscillator at 1 MHz is plotted in fig. 2.16 (a), which shows
some variation in the pulse height from pulse to pulse. An individual pulse is shown in
fig. 2.16 (b), on which a temporal modulation can be seen, which was caused by beating
between longitudinal cavity modes. With a total cavity length of 390 mm, the round
trip time was 2.6 ns, which matches the period of the observed beating.
The laser could be Q-switched at megahertz pulse rates because of the amplifier’s
high gain (which was helped by the 5◦ bounce angle), or more accurately, its short
gain recovery time. After each giant pulse, the amplifier was able to recover its gain
to the threshold level in a very short time, so it could pulse at a very fast rate. The
repetition rate was however also limited by the time it took for the pulse to form, and
by 1.7 MHz the Q-switch had to be kept ‘open’ for much longer than it was ‘closed’. In
practice, random variations in the build-up time of each pulse meant that some pulses
were skipped, causing the large standard deviation of pulse widths seen suddenly at
1.8 MHz in figure 2.14.
The lower repetition rate limit was defined by the point at which the round-trip
gain equalled the loss induced by the Q-switch plus the intracavity and output coupling
losses. The Q-switch transmission when ‘closed’ was measured to be 18 %. With a
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Figure 2.14: Average power and pulse width against repetition rate for Q-switched high-
power TEM00 oscillator. The standard deviation in the pulse width is shown as error bars.
Note that at the two extremes of repetition rate, Q-switching becomes unstable, which man-
ifests here in an increased variation in the pulse width.
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Figure 2.15: Pulse energy and peak power against repetition rate for Q-switched high-
power TEM00 oscillator.
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Figure 2.16: Oscilloscope traces of Q-switched 42 W near-TEM00 oscillator at 1 MHz. The
same trace is shown on two time scales to show (a) the pulse train and (b) a single pulse.
30 % reflectivity output coupler, a round trip gain of only 18× would be required for the
laser to overcome these losses leading to parasitic lasing. While this would be sufficient
to hold off lasing in many lasers indefinitely, it is easily exceeded in a bounce laser,
hence the limit of 700 kHz. At this repetition rate and below, some of the stored energy
was released in pre-pulses before the giant pulse. This can be seen in fig. 2.14, as
the pulse widths became irregular below 700 kHz. The stored energy in the amplifier
was effectively clamped by parasitic lasing, and any extra energy put into the amplifier
escaped as pre-pulses. The full energy storage potential of the amplifier was thus not used
(the fluorescence-limited energy storage limit would occur at ∼10 kHz for Nd:YVO4).
Increasing the energy would require either a Q-switch with better hold-off or an amplifier
with lower gain.
2.6 Conclusion
This chapter introduced the bounce geometry concept and discussed its practical im-
plementation. First, the bounce geometry was described, which included a discussion
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on thermal management and the origins of the asymmetric thermal lens. Suitable laser
materials were considered, along with reported results of bounce operation in these
materials. Some systems were then presented to demonstrate the performance of a
high-power bounce oscillator. A compact Nd:YVO4 bounce oscillator was presented,
which gave over 52 W of multimode power at 1 micron. This design was modified to
enable mode matching by exploiting the changing stability of a resonator with an inter-
nal thermal lens; this produced near-TEM00 output at a slightly reduced power of 47 W
from 96 W pump power. Finally, the oscillator was Q-switched to very high repetition
rates with an AO modulator. Over 42 W average power was obtained over a range of
repetition rates from 750 to 1700 kHz.
The repetition rate of 1.7 MHz is very high for a Q-switched solid-state laser, and
is nearly the highest ever reported in the bounce (a slightly higher value of 2 MHz has
been reported in the bounce geometry, with highly-doped Nd:YVO4 to obtain a shorter
absorption depth [57]). This was due to the uniquely high gain of the bounce design
(which was helped by the 5◦ bounce angle), and the fast gain recovery that can be
achieved as a result.
This chapter illustrated the potential of the bounce geometry as a compact and
efficient high-power laser design, although it also highlighted some of the limitations of
the current technology. The output of the asymmetric resonator, while high-quality, was
clearly not pure TEM00, and showed a high degree of astigmatism and non-circularity.
Also, the pulse energy of the Q-switched oscillator was seen to be strongly limited by its
high gain and the limited hold-off of the AO modulator. These issues will be addressed
in the following chapter.
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Chapter 3
Stigmatic bounce amplifier
3.1 Introduction
As was shown in the previous section, the bounce geometry is an efficient laser scheme for
producing high-power laser radiation in CW or Q-switched operation. One of its biggest
appeals is the extremely high small-signal gain, which allows Q-switched bounce lasers
to be pulsed at higher repetition rates than almost any other DPSS design. However, the
design has some notable disadvantages, two of which are the focus of this chapter. First,
although it is possible to achieve a low M2 [56, 62, 86], the output from a bounce laser
generally shows a high degree of astigmatism [54]; this is a consequence of the natural
asymmetry of the side-pumped design, and will generally occur to some degree in any
bounce geometry laser. Second, as well as allowing very high Q-switch repetition rates,
the high gain of the bounce can also actually impose a lower limit on the repetition
rate. With gains well over 1000×, AO Q-switches cannot introduce sufficient loss to
prevent lasing indefinitely, and parasitic lasing occurs, effectively putting a limit on how
much energy can be stored in the amplifier between pulses. Both of these issues are ones
that could potentially limit the design’s use in a real-world application, where a more
versatile range of performance is desired.
In this chapter, a system is demonstrated that achieves both circular stigmatic
TEM00 output and versatile control of the Q-switch pulse rate in a bounce geometry
amplifier. A technique is presented for imposing radial symmetry on both the gain pro-
file and the thermal lens in a bounce amplifier through control of the pump dimensions
and bounce angle, and a simple bounce laser based on this scheme is demonstrated that
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produces high-quality circular TEM00 laser output with low astigmatism. Furthermore,
because the design utilises a larger volume of the laser slab, the small-signal gain is
significantly reduced, and Q-switching is demonstrated over a wide range of repetition
rates. In addition, the radial symmetry of this amplifier design makes it suitable for
the production of other radially-symmetric beams besides the fundamental transverse
mode, and with a minor modification of the design a high-power Laguerre-Gaussian
“doughnut” mode is generated. An explanation is given for its formation based on
the aberrations in the thermal lens, and this is supported with a numerical model of
the thermal lensing effect in the amplifier. Finally, the stigmatic design is also shown
to be particularly advantageous when modelocked with the Stankov nonlinear mirror
(NLM) modelocking technique; more stable modelocking performance is demonstrated
compared with previous bounce geometry NLM modelocked lasers.
3.2 Stigmatic amplifier design
Unlike laser geometries such as the rod, thin disk or fiber, slab geometries possess no
axis of radial symmetry. Indeed, the very idea of a slab design involves breaking this
symmetry to better utilise the highly elliptical output of diode bars as a pump source,
and the bounce is no exception. With the slab pumped on only one side and heat
removed in one direction, there is no reason to expect to see any symmetry in how the
laser beam behaves as it passes through the amplifier.
The stigmatic amplifier design was intended to achieve two things: to impose radial
symmetry on the amplifier design to facilitate the generation of circular stigmatic laser
output, and to provide a greater gain volume to allow much greater control over the
Q-switch repetition rate. Although these two aims may appear unrelated, they actually
go hand-in-hand, the reason for which has to do with the tightly-focused design that
is often employed with the bounce geometry. In the tightly-focused set-up, a VCL is
used to focus the diode radiation to a small region in the vertical dimension, while two
additional VCLs in the cavity match the cavity mode to this narrow gain region. As
explained in section 2.2.2 (page 43), the focusing effect of the thermal lens is strongly
limited by diffraction in this set-up, which greatly simplifies the cavity design, since only
the horizontal component of the thermal lens has a significant effect on laser operation.
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However, this tightly-focused design also creates a very high inversion density and hence
a very high small-signal gain, and this can become so high that conventional AO Q-
switches are unable to prevent lasing. This effectively imposes a lower limit on the pulse
repetition rate of the laser before parasitic lasing occurs (this problem was particular
severe in section 2.5, where parasitic lasing was observed below 700 kHz, a value which
is itself much higher than the maximum repetition rate of most Q-switched solid-state
lasers). One way to achieve more versatile control over the repetition rate might therefore
be to decrease the small-signal gain (without decreasing the pump power).
In the quest to reduce this gain, we might try defocusing the pump diode in order
to pump a larger volume of the slab. Of course, if the size of the gain is increased, then
the size of the TEM00 mode in the cavity must also be increased accordingly to keep
it spatially matched to the gain. However, doing this would lessen the effect described
above, i.e. the focusing effect of the thermal lens in the vertical direction would become
significant due to the larger beam size, and the vertical thermal lens would start to affect
laser operation. The laser would thus be subject to both a horizontal and a vertical
thermal lens, greatly complicating the cavity design. This problem was overcome by
designing the amplifier such that both the horizontal and vertical components of the
thermal lens were equal, which allowed for a large gain volume without the problems
associated with astigmatic lensing.
3.2.1 Making a bounce amplifier symmetric
One way of looking at the asymmetry in the bounce geometry is to consider how the
pump profile is projected from the pump beam onto the input face of the amplifier, as
shown in fig. 3.1. In this diagram we can see the gain profile (i.e. the spatial size/shape
of the gain region) as it appears to the cavity mode. Since the pump light is focused
to a thin band of gain on the pump face, the pump profile generally appears elliptical
(as shown in the figure), and this would favour the production of a laser beam that is
non-circular. In addition to this, there is an asymmetry in the way the laser is cooled.
Heat is removed from the large top and bottom faces of the slab, so the heat flow is
predominantly in the vertical direction, resulting in stronger thermal gradients along
the vertical axis than the horizontal. The amplifier therefore exhibits both an elliptical
gain profile and an astigmatic thermal lens.
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Figure 3.1: Conceptual diagram of a bounce amplifier showing the focused diode radiation
incident on the pump face of the slab. The resulting gain profile is projected along the laser
beam path to show the effective gain profile as seen by the cavity mode. The resultant gain
profile is, in general, elliptical.
It was found that by control of some of the dimensions of the amplifier, it is possible
to create an amplifier that had both a circular gain profile and spherical thermal lens.
This was achieved by varying two parameters: the bounce angle between the laser mode
and the pump face (θB) and the distance (d) from the diode focusing lens VCLD (of
focal length f) to the pump face. The bounce angle controlled the effective size of the
horizontal gain region as seen by the cavity mode, and diode lens position was used
to expand or contract the vertical diameter of the pump beam on the pump face. As
illustrated in fig. 3.2, the bounce angle was decreased and the pump diode was defocused,
such that the gain profile appeared symmetric as viewed by the laser mode.
Figure 3.2: Conceptual diagram of a bounce amplifier showing the pump profile projected
into the plane of the laser mode. The diode has been defocused and the bounce angle has
been decreased, leading to a circular gain profile as viewed by the mode.
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As well as determining the size of the gain profile, these two parameters also affected
the relative strengths of the horizontal and vertical thermal lens components. Stronger
focusing was experienced for smaller bounce angles and tighter diode focusing. Since
the two parameters are independent, it was therefore possible to find a combination of
θB and d that gave both a circular gain profile and a near-spherical thermal lens
1.
3.2.2 Experimental realisation
An experimental laser oscillator based on the stigmatic amplifier was built to test this
concept, and is shown in fig. 3.3. A 1.1 at.% doped Nd:YVO4 crystal was used, which was
similar to that used in chapter 2. The crystal was pumped on one side by a nominally
60 W diode bar at 808 nm. The vertical diameter of the pump radiation on the laser
crystal was controlled by a 12.7 mm focal length vertical cylindrical lens (VCLD), with
its distance from the pump face, d varied in order to expand or contract the pump
size. A simple plane-plane laser cavity was constructed with arm lengths L1 and L2 as
indicated in fig. 3.3. The cavity mirrors were angled to control the bounce angle, θB.
Output couplers of different reflectivities were investigated, and R = 60% was found to
give the highest power at 60 W pump power.
Figure 3.3: Diagram of compact stigmatic bounce geometry oscillator.
With the laser running, θB and d were adjusted to find a combination that gave
a circular gain profile and spherical thermal lens. The procedure for establishing a
spherical thermal lens was to monitor the output beam on a CCD camera and note
1Both the horizontal and vertical components of the thermal lens dioptric power increased approx-
imately linearly with pump power, which made it possible to design the amplifier to have a stigmatic
thermal lens at any pump power.
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the pump power at which the laser became unstable along the horizontal and vertical
axes. The thermal lens was deemed to be spherical when the laser went unstable along
both axes simultaneously. The apparent size of the gain region could be calculated
from the bounce angle and the measured size of the pump beam, and the parameters
were adjusted to equalise them (whilst also maintaining the spherical thermal lens).
Finally, a combination of θB and d was found that satisfied both conditions, and the
laser was observed to produce a circular beam profile and to go unstable along both axes
simultaneously. A bounce angle of θB = 3.2
◦ and a vertical pump diameter of approx.
540 µm (FWHM) was found to give such behaviour (given the horizontal diameter of
the diode radiation, which was fixed at 8 mm).
3.3 TEM00 operation in a simple cavity
3.3.1 Continuous-wave operation
Although the thermal lens was stigmatic, it was still present, and had to be accom-
modated in the cavity design to achieve TEM00 operation in this laser. To do this, a
technique was used that is somewhat similar to that described in section 2.4, whereby
the cavity was operated in an asymmetric configuration. As was shown in section 1.3.3,
an asymmetric cavity has two stability zones, and the laser was again operated in the
second stability zone, with the arm lengths L1 and L2 chosen to give TEM00 output
at the maximum pump power. Since the thermal lens was stigmatic, it was observed
that the cavity went unstable along both the horizontal and vertical axes simultaneously
(in contrast to the previous design, which remained stable in the vertical). TEM00 was
observed at 60 W pump power with arm lengths L1 = 110 mm and L2 = 34 mm
Figure 3.4 shows a graph of output power as a function of pump power for this laser.
The dip in power between around 42–55 W pump power corresponds to the unstable
region through which the cavity passed between stability zones. After this dip, the cavity
entered the second stability zone, and TEM00 output occurred near 60 W pump power,
at which 14.2 W of output power was obtained. By 65 W another dip in power can be
seen, which may indicate the onset of instability again as the cavity leaves the second
stability zone. This power represents an optical-to-optical efficiency of 24 %, which is
significantly lower than in many other bounce geometry laser designs. The reason for
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this is partly due to the low gain of the stigmatic amplifier, and this is discussed in
detail in section 3.6.1 (page 90).
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Figure 3.4: Output power vs. pump power for the stigmatic bounce laser in an asymmetric
cavity configuration.
The spatial form of the output beam at 60 W pump power can be seen in fig. 3.5 (a).
The core of the beam was predominantly circular TEM00, although it was surrounded
by a weak Airy ring. Fortunately, this higher-order structure became spatially separated
from the core in the far-field, and it was therefore easily removed by an extracavity iris
(for a power loss of approx. 7%). The result, shown in fig. 3.5 (b), was a high-quality
TEM00 beam. The M-squared was measured both with and without spatial filtering.
Without the iris, this was measured to be M2x = 1.38 ± 0.06 and M2y = 1.42 ± 0.07 in
the horizontal and vertical directions respectively. After spatial filtering the M-squared
was M2x = 1.08 ± 0.02 and M2y = 1.11 ± 0.01. The latter M-squared measurement was
obtained from the focused caustic shown in fig. 3.6, in which it can be seen that the
beam remained reasonably circular in all focal planes (the maximum difference between
horizontal and vertical beam radii measured in fig. 3.6 was 11%). The figure also shows
that the positions of the horizontal and vertical foci were coincident; in the case of the
caustic in fig. 3.6 the horizontal and vertical foci of the fitted curves were separated by
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(a) (b)
Figure 3.5: Far-field spatial intensity profiles showing the output from the stigmatic oscilla-
tor at a pump power of 60 W, for which 14.2 W was obtained. Figure (a) shows the unfiltered
beam with its TEM00 core and weak Airy ring, and (b) shows the beam after spatial filtering
in the far-field.
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Figure 3.6: Caustics measured for output of TEM00 stigmatic oscillator (after spatial
filtering) by focusing with a spherical lens. Solid lines show curves fitted to the Gaussian
propagation equation to estimate the M-squared.
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less than 1 mm, i.e. the beam had a very low astigmatism.
A further benefit of this laser concerns the design of the cavity. Although, as stated
above, the asymmetric cavity was designed on a similar principle to that described in
section 2.4, it was subtly different to the previous design. To explain this, it is necessary
to consider again how a ‘regular’ TEM00 bounce laser operates, and to this end the
stability curve of such a laser is illustrated conceptually in fig. 3.7, which shows the
horizontal spot size in the amplifier as a function of the thermal lens dioptric power for
a plane-parallel astigmatic cavity. The blue line indicates the width of the pump region,
and TEM00 operation can be achieved when the mode radius matches that of the gain
region, i.e. at point A. However, a disadvantage to this set-up is that the laser must
be operated at a point on the curve where the slope is very high, i.e. where w3 varies
strongly with the thermal lens dioptric power. This means that the spatial output of
the laser is highly sensitive to fluctuations in the pump power (this can sometimes be so
severe that the arm lengths of the laser need a small tweak each time the laser is turned
on in order to optimise the beam quality).
Figure 3.7: Spot size at the crystal as a function of thermal lens dioptric power, showing
conceptually how TEM00 output is generated. TEM00 is obtained when the pump radius
matches the mode radius, which occurs at point A in a ‘regular’ TEM00 bounce laser, and
point B in the stigmatic laser described in this section.
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However, the laser described in this chapter was operated at a different point on
the stability curve. Because the bounce angle (θB = 3.2
◦) was around half as large as
the typical “standard” bounce angle (θB = 7
◦), the gain region appeared smaller in the
horizontal (indicated by the red line in fig. 3.7), which made it feasible to operate near
the trough of the second stability zone, i.e. at point B. The advantage of this is clear;
as the gradient of w3 against 1/f is close to zero, the laser was much more stable with
respect to variations in the pump power. This was indeed observed, and near-TEM00
output could be obtained over a range of approximately 58–65 W pump power without
adjusting the cavity arm lengths.
3.3.2 Acousto-optic Q-switching
As was seen in section 2.5, the high gain of the bounce geometry can limit energy storage
in Q-switched mode. The relatively low hold-off of acousto-optic Q-switches means that
they are unable to indefinitely hold off the high gain to prevent lasing, and parasitic
lasing occurs, limiting the repetition rate generally to 100 kHz and above [55, 56]. This
strongly limits the pulse energy that can be achieved, since we are unable to hold off the
gain for the duration of the gain medium’s energy storage lifetime. One way to overcome
this would be to use a Q-switch with greater hold-off, such as an electro-optic Q-switch,
however there are several practical disadvantages to this, not least that the high voltages
required cannot be switched at very high repetition rates. Instead, it would be desirable
to build a system that can operate at any repetition rate over a broad range using an
AO Q-switch.
One of the properties of the stigmatic amplifier design is that it has a lower small-
signal gain than previous designs, and it should therefore be possible to Q-switch the
laser at lower repetition rates without parasitic lasing occurring. Furthermore, a large
gain volume also has the effect of improving the energy storage lifetime of the medium.
Processes such as Auger upconversion and amplified spontaneous emission both act to
quench the lifetime of the upper laser level, but they are both dependent on the inversion
density, and therefore would decrease in strength when the pumped volume is increased.
The laser was Q-switched with an AO modulator inserted into the output arm of the
cavity, and stable Q-switching was observed over a range of repetition rates of 40–900
kHz. Although still limited by parasitic lasing at very low repetition rates, the oscillator
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could be Q-switched to much lower repetition rates than that described in section 2.5
(which was limited to 800 kHz). Figure 3.8 shows the dependence of average power
and pulse width on pulse repetition rate. The average power was nearly constant with
repetition rate at over 100 kHz, but tailed off below this as the amplifier approached its
energy storage limit. The pulse width increased linearly with repetition rate from 9 ns
to 68 ns over this range. The ultimate limit on the energy storage is the fluorescence
lifetime (90 µs in Nd:YVO4 [79]), and hence if the time between pulses is on the order
of this then a substantial amount of power will be lost as fluorescence. However, since
parasitic lasing occurred at 40 kHz, this limit was not reached, hence the power did not
drop much over the range.
0 200 400 600 800 1000
0
2.5
5
7.5
10
12.5
15
Repetition rate [kHz]
Av
er
ag
e 
po
we
r [W
]
 
 
0
25
50
75
100
125
150
Pu
ls
e 
w
id
th
 [n
s]
Average power
Pulse width
Figure 3.8: Average power and pulse width as a function of pulse repetition rate for Q-
switched TEM00 stigmatic oscillator.
Two other useful parameters of the system are the energy of the pulse and its peak
power, which were estimated as done in section 2.5, and both are plotted as functions
of the repetition rate in fig. 3.9. Decreasing the repetition rate meant that the amplifier
was pumped for longer between pulses, leading to larger pulse energies as seen in the
figure. Combined with the decreasing pulse width, this also meant that the peak power
increased as the repetition rate was decreased. A maximum pulse energy of 0.26 mJ
and a peak power of (30± 4) kW was measured; both of these were limited by parasitic
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lasing, but were nevertheless much higher than the maximum energies and peak powers
measured in section 2.5. If the oscillator could be Q-switched at lower repetition rates
then the energy could be increased still further.0 200 400 600 800 100000.10.20.30.40.5 Repetition rate [kHz]Pulseenergy[mJ] 01020304050 Peakpower[kW]Pulse energyPeak power
Figure 3.9: Pulse energy and peak power as a function of pulse repetition rate for Q-
switched TEM00 stigmatic oscillator.
As was seen in section 2.5, there was a lower limit on the repetition rate, defined by
the time it took for the amplifier gain to reach a level that was sufficient to overcome
the Q-switch loss. However because the gain was reduced in this amplifier, this point
occurred at a much lower value (40 kHz). The upper limit on the repetition rate was
defined by the time it took for the amplifier gain to reach laser threshold (and for the
pulse to build up from spontaneous emission), and so this value also decreased with the
lower gain. It is worth noting that despite the reduction in gain it was still possible to
Q-switch the laser at very high repetition rates indeed; the maximum value of 900 kHz
is higher than most Q-switched bulk solid-state lasers can achieve. The output of the
laser remained TEM00 throughout the repetition rate range. At repetition rates below
∼ 100 kHz the thermal lens became stronger due to reduced power extraction, however
because the mode size (w3 in fig. 3.7) was not critically dependent on the thermal lens
strength, beam quality did not degrade much as a result. Nevertheless, any such change
in the output was easily compensated for by adjusting L2 to ensure the cavity operated
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at the optimum point on the stability curve, giving TEM00 output.
Measurement of gain
It was assumed above that the amplifier’s small-signal gain was greatly reduced by the
stigmatic design. To see how much it was reduced by, the gain was measured using a low-
power probe beam that was passed through the amplifier, with its dimensions controlled
to match those of the gain region. A rotatable half-waveplate and a polariser were used
to control the input power and ensure the input was vertically polarised. The input
power was thus varied, and the amplifier gain was calculated from the output power
(gain is defined as the output power divided by the input power, and small-signal gain is
this ratio in the limit where no saturation of the gain occurs). Fig. 3.10 shows the gain
as a function of the input power at three different pump powers. Over input powers
of 1–10 mW the gain was approximately constant, implying that the laser remained
in the small-signal regime (i.e. the intensity was well below the saturation intensity).
From this graph, the small-signal gain was therefore measured to be 7.5 ± 0.3 at 60 W
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Figure 3.10: Amplifier gain as a function of input power for a stigmatic bounce amplifier
at three different pump powers. The gain tends asymptotically to the small-signal in the limit
of input power → 0.
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amplifier pump power. This confirmed that the small-signal gain had been reduced
by many orders of magnitude in comparison with the tightly-focused amplifier design
(which was over >104, as measured for a somewhat similar amplifier in [63]).
Single-shot operation
It was observed above that parasitic lasing occurred below around 40 kHz, which implies
that, despite the reduced gain of the stigmatic amplifier design, the Q-switch was still
unable to prevent laser action in the cavity indefinitely. To understand this, given the
gain of 7.5±0.3 measured above, we can estimate the Q-switch loss needed to prevent the
cavity from lasing. The output coupler reflectivity was 60%, and if intracavity losses are
assumed to be negligible then the cavity would need a Q-switch loss of (83±1) % to give
indefinite hold-off. The maximum loss of the Q-switch was measured to be (82± 1) %,
which is very close to this value. The fact that parasitic lasing was observed could be due
to the fact that not all the beam experiences this maximum loss; in particular higher-
order modes of the cavity experience a lower diffraction efficiency in the AO modulator,
and thus are not attenuated by as much. Nevertheless, this calculation does at least
suggest that the gain was only slightly too high, and that reducing it by a small amount
should allow us to achieve indefinite Q-switch hold-off.
To investigate this, the gain was reduced by decreasing the pump power by 8 W to
52 W. In order to maintain TEM00 output at this reduced pump power, it was of course
necessary to adjust the laser cavity to account for the weaker thermal lens, which was
achieved by increasing the back arm length (L2) to 80 mm. This meant that the laser
produced TEM00 at the reduced pump power of 52 W, at which point the gain was just
low enough to allow indefinite blocking of the cavity by the Q-switch.
With the reduced pump power, the laser could be Q-switched in single-shot mode
without parasitic lasing occurring. Stable Q-switching was observed over repetition rates
from 0–450 kHz, which is an extremely wide range indeed for a Q-switched solid-state
laser. The reason why the upper limit was 450 Hz instead of 900 Hz (as for the previous
system pumped at 60 W) was due to the longer gain recovery time that resulted from
the amplifier’s reduced pump power. Figure 3.11 shows the average power and pulse
width as a function of repetition rate for this set-up. In comparison with fig. 3.8, the
average power was lower and the pulse width was longer for a given repetition rate, as
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Figure 3.11: Average power and pulse width as a function of pulse repetition rate for
Q-switched TEM00 oscillator with reduced gain and indefinite Q-switch hold-off.
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Figure 3.12: Pulse energy and peak power as a function of pulse repetition rate for Q-
switched TEM00 oscillator with reduced gain and indefinite Q-switch hold-off.
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would be expected by the reduced pump power.
Curiously, the maximum pulse energy obtained with this latter set-up (with the re-
duced pump power) was around twice the energy of the original set-up. Figure 3.12
shows the pulse energy as a function of repetition rate, which peaks at approx. 0.45 mJ
(this peak occurred at 15 kHz, which corresponds roughly to the inverse of the gain
medium’s fluorescence lifetime). A possible explanation for this is that the diffraction
efficiency experienced by the laser beam in the AO modulator was higher in the second
set-up. The diffraction efficiency can depend strongly on small changes in the beam
passing through it, and it has been observed previously that two otherwise similar lasers
built with the same AO Q-switch can experience parasitic lasing at quite different rep-
etition rates [87]. The second set-up was slightly different to the first, in that the pump
power was lower, the thermal lens strength was also lower, and the cavity was longer;
these changes may have resulted in a higher diffraction efficiency for the laser beam in
the Q-switch, thus allowing more energy to be stored in the laser amplifier.
It was also observed that the minimum pulse duration changed little between these
two set-ups. As the energy was higher in second set-up by a factor of 1.7, it might be
expected that the pulse duration would be shorter by a similar factor. Part of the reason
why this was not the case was that the cavity was 1.3 times longer in the higher-energy
set-up, which would have correspondingly increased the pulse duration.
To investigate how regular the pulses were, the energy stability was measured. The
laser output was monitored on a photodiode, and the area under the pulse was measured
with an oscilloscope. The ‘jitter’ was quantified by taking the standard deviation in the
area over several hundred pulses and dividing it by the mean value, and this is plotted
against the repetition rate in fig. 3.13. Highly stable Q-switching occurred between 10–
75 kHz, over which range the standard deviation in the energy was under 2.5%. Below
10 kHz the pulses became less regular, with jitter rising to around 5% at 500 Hz, and
as the repetition rate was increased to over 100 kHz the jitter increased further. The
increase in the pulse jitter with repetition rate can be understood as a consequence of
the amplifier having a lower gain at the moment when the Q-switch was opened, which
makes the formation of a giant pulse more dependent on the fluctuations in spontaneous
emission from which it starts. The observation that the pulses became less regular below
10 kHz however is interesting, as it corresponds approximately with the point where the
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maximum energy storage was reached. This might suggest that the pulses are more
stable when the gain medium retains some memory from one pulse to the next. When
a laser is Q-switched faster than the gain recovery time, the saturated gain will retain
some information about the previous pulse each time the Q-switch opens; however if the
gain has fully recovered between pulses then there will be no memory. It could therefore
be the case that when the laser was Q-switched at 10 kHz and above, the memory in
the laser amplifier helped to make the formation of each pulse less random.
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Figure 3.13: Percentage standard deviation in the pulse energy as a function of repetition
rate for Q-switched stigmatic oscillator.
Frequency doubling
With these high peak powers, the stigmatic oscillator was well-suited for frequency
doubling by second harmonic generation (SHG) in a nonlinear crystal. This was achieved
using an extracavity Lithium Triborate (LBO) crystal, which was cut for non-critical
phase matching and maintained at a constant temperature of 148 ◦C. The output from
the oscillator was focused into the LBO crystal, which generated a beam at 532 nm
wavelength. Figure 3.14 shows the power at 532 nm as a function of pulse repetition
rate, which peaks at 75 kHz with 7.2 W. Also shown in fig. 3.14 is the efficiency of
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conversion from infrared power to green power, which shows that up to 64% of power
was converted. The spatial form of the green output was high-quality TEM00.
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Figure 3.14: Average power at 532 nm and conversion efficiency for extracavity frequency
doubled TEM00 oscillator
Since the intensity of the generated wave is proportional to the square of the intensity
of the input wave, the highest conversion efficiency occurred when the oscillator peak
power was highest. In fig. 3.14 the conversion efficiency peaked at the lowest repetition
rate, where the oscillator produced the highest peak power. The highest green average
power however did not occur at this point, since the average power of the infrared wave
was low. Instead, the highest average power at 532 nm occurred at the optimum com-
promise between a high peak power at 1064 nm (and hence a high conversion efficiency)
and a high average power.
3.4 Optical vortex generation
It was demonstrated above how the radial symmetry of the stigmatic bounce amplifier
design enabled the production of circular stigmatic TEM00 laser beams, and this can
also be extended to the generation of other circularly-symmetric beams. These include
so-called “doughnut” modes – Laguerre-Gaussian (LG) cavity modes with a doughnut-
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like intensity profile and an azimuthally-varying phase (i.e. an optical vortex). Since
LG modes have radial symmetry, they are much easier to generate in a laser with low
astigmatism, and it was therefore thought that the stigmatic amplifier would be well
suited to this. This section describes the generation of an LG vortex mode in the
stigmatic amplifier, using a simple method that exploits aberrations in the thermal lens
to suppress the TEM00 mode.
3.4.1 Vortex modes
One LG mode that has a doughnut-like profile is the TEM01∗. This mode has a phase
that varies azimuthally, passing through 2pi in one rotation. A consequence of this is
that the beam must have zero field on axis, or there would be a phase discontinuity at
the centre, hence the doughnut shape. The asterisk indicates that the field distribution,
as well as being described with a Laguerre polynomial, can also be represented as a
coherent superposition of the Hermite-Gaussian (HG) modes TEM10 and TEM01 with
a phase difference of ±pi/2. The TEM01∗ mode is often produced in a degenerate
superposition of two modes with opposite rotational phase dependence, however if the
beam is nondegenerate then it can be shown that it possesses a well-defined angular
momentum [88], a property that is not present in individual HG beams. This makes them
useful tools for manipulating small particles, and they have been used for both optical
tweezers [89] and nanoparticle traps [90]. Vortex beams also have uses in quantum
information [91] and nonlinear optics [92].
There are many ways of generating a TEM01∗ mode. One of the issues in doing so
is that laser cavities tend to oscillate preferentially on the TEM00 mode because it has
the lowest diffractive losses. A way to overcome this is to insert an absorbing dot into
the cavity on the optical axis to suppress the fundamental [93]. Another approach is to
insert a thin wire into the laser cavity that bisects the mode profile; this causes the laser
to oscillate on the TEM01 or TEM10 mode, and an extracavity cylindrical lens mode
converter can then be used to convert this to the TEM01∗ [94]. Spiral phase plates [95]
and computer-generated holograms [96] can also be used to convert Gaussian beams to
Laguerre-Gaussians. However most of these methods have so far been limited to powers
of up to 1 W [97]. For some applications it would be advantageous to have much higher
powers, for example to allow splitting of the beam or higher intensities for nonlinear
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optics and micromachining.
The TEM01∗ can also be generated directly in the laser cavity, providing that the
TEM01 and TEM10 oscillate with the correct phase to form a superposition. This is
often hampered by astigmatism in the cavity, which prevents many lasers from being
able to support the vortex mode [88, 98]. In this section, it is shown how a vortex mode
can be generated in the stigmatic bounce amplifier. The mechanism for achieving this
was based on a technique previously demonstrated by Okida et al. [99] who obtained
up to 17.8 W of CW power in a vortex mode using a (non-stigmatic) bounce geometry
laser [97].
3.4.2 Vortex generation in the stigmatic oscillator
Using the set-up from fig. 3.3, it was observed that by simply increasing L2 by 5 mm (to
39 mm, as shown in fig. 3.15), the beam profile changed from a TEM00 to the annular
shape shown in fig 3.16 (a), and the power increased to 16.6 W for 60.0 W pump power.
The mechanism behind this is discussed in section 3.4.3. To determine whether the
beam possessed an optical vortex, it was interfered with a spherical reference beam.
If the phase of the beam varied azimuthally, then we expected to see a spiral fringe
pattern, which is exactly what was observed in fig. 3.16 (b). This indicates not only
that there was a phase vortex, but also that the mode was not a degenerate superposition
of TEM01∗ modes with opposite phase dependence. This observation is welcome since
it implies that the beam possessed angular momentum; had it been in a superposition,
the two rotational directions would have cancelled out to yield less (or no) net angular
Figure 3.15: Diagram of compact stigmatic bounce geometry oscillator set-up for doughnut
beam generation.
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(a) (b)
Figure 3.16: (a) Far-field intensity profiles of doughnut beam and (b) interference pattern
between vortex beam and a spherical reference beam.
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Figure 3.17: Beam quality measurement of LG oscillator by propagation through a plano-
convex lens.
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momentum. It was also observed that the direction of the spiral remained constant over
time, and was the same each time the laser was turned on.
The beam was focused with a spherical lens, and the horizontal and vertical beam
radii are plotted as a function of position in fig. 3.17, which shows that the beam
maintained the very high circularity and low astigmatism imposed by the amplifier
design. The M2 was measured to be M2x = 1.7±0.3 and M2y = 1.9±0.2, which is slightly
less than the theoretical value of 2 for a pure TEM01∗ [100], suggesting the presence of
some power in the fundamental. The spatial intensity profile of the beam (fig. 3.16 (a))
also appears to show this, as it does not absolutely reach zero at the centre.
While it was set up to produce a vortex mode, the laser oscillator was also Q-
switched. An AO modulator was inserted into the output arm, and stable Q-switching
was observed at repetition rates of 50 – 400 kHz. Fig. 3.18 shows the dependence of
average power and pulse width across this range. At repetition rates >150 kHz the
vortex was well preserved, and interfering the beam with a spherical reference produced
the same spiral pattern as seen in CW mode. Below 150 kHz however the beam gradually
became asymmetrical until at 50 kHz the laser oscillated on the HG TEM10 mode.
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Figure 3.18: Average power and pulse width as a function of pulse repetition rate for
Q-switched LG oscillator.
3.4.3 Mechanism behind vortex generation
Based on previous work by Okida et al. [97, 99], it was suspected that the mechanism
behind the generation of the vortex mode was based on aberrations in the thermal
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lens. To investigate this, and to gain an insight into the nature of the thermal lens in
this system, a numerical simulation was undertaken of the thermally-induced lensing
effects inside the laser crystal. This made use of a model written by Peter Shardlow,
which is detailed in reference [101]. The model is introduced below, and its findings
are interpreted to provide an explanation for how the vortex mode was produced in the
stigmatic laser oscillator.
Numerical model
Using a finite element analysis, the heat diffusion equation was solved in three dimensions
to find the steady-state temperature distribution inside the pumped laser amplifier. Heat
energy deposited into the crystal was assumed to come only from the quantum defect
between the pump and laser transitions, and thermally-induced lensing was assumed to
be solely due to the dn/dT of the laser material (i.e. ignoring the effects of heating due
to mechanical stress and bulging of the crystal face). The refractive index distribution
inside the crystal was thus calculated, and a first order ray tracing approximation was
used to calculate the optical path length as a function of the transverse position on
the beam (in which it was assumed that the light travelled on straight paths and was
not deflected due to thermal effects). The focal power of the thermally-induced lens
as a function of position was then calculated by taking the second derivative of the
refractive index with respect to position (an ideal lens is a parabola, the curvature of
which determines the strength of focusing). The modelled pump beam had a Gaussian
profile in the vertical (with a 1/e2 radius of 1100 µm) and a supergaussian profile in the
horizontal (diameter 13.6 mm), to match measured experimental dimensions. Heat was
removed from the crystal via the two large top and bottom faces only.
Thermally-induced lensing
Figure 3.19 (a) shows the calculated phase shift (i.e. optical path length) as a function
of position (normalised to the measured 1/e2 diameter of the TEM00). The curves show
that the largest phase shift was at the centre of the beam, and it decreased to zero away
from the centre. The two curves are also relatively similar to each other, indicating that
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the thermal lens was relatively symmetric as expected.2 Figure 3.19 (b) shows the second
derivative of this phase shift with position, giving the dioptric power of the thermal lens
as a function of position on the beam. From this we can see that the maximum dioptric
power, which occurred at the centre of the beam, was approx. 30 m−1 in the horizontal
and 40 m−1 in the vertical. This can be compared with experiment by noting that the
cavity was operated near to its final stability point at 1/f = 1/L1 + 1/L2, implying
that 1/f = 37 m−1 which matches reasonably well to the calculated dioptric powers. It
should be noted that this match was achieved with no fitting parameters applied, which
suggests that the model was reasonably accurate.
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Figure 3.19: Numerical simulation results showing (a) thermally-induced phase shift and
(b) thermal lens dioptric power as a function of position along the beam in the horizontal and
vertical directions. Note how the approximation of a parabolic thermal lens rapidly breaks
down away from the optic axis.
Figure 3.19 (b) also shows that along both axes the thermal lens had significant
aberrations away from the centre of the beam. If the thermal distribution had given rise
to a perfect parabolic lens, then the second derivative of the phase shift with respect
to position would have been constant. The fact that the curves in fig. 3.19 (b) are not
horizontal lines therefore shows that the thermal lens was aberrated from the case of a
perfect lens. In fact, the dioptric power decreased away from the centre of the beam, i.e.
the aberration was negative. This makes intuitive sense in the vertical direction, as there
would be a roughly linear thermal gradient between the cooled edge of the crystal and
the pumped middle (a “thermal wedge”), and only near the pumped region would you
2The fact that both the horizontal and vertical profiles are coincident at the centre of the beam is
not significant, as this is simply a common point for both profiles (i.e the optical axis).
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expect a strong curvature in the gradient and hence a thermal lens. The fact that the
dioptric power decreases with position at a roughly similar rate in both the horizontal
and vertical directions (although the horizontal has a wider flat region near the centre)
is interesting, since the explanations for the two components of the thermal lens are
quite different (as explained in section 2.2.2, page 43). The modelling also suggests that
the spherical aberration was not perfectly symmetric between vertical and horizontal
directions. This may account for the fact that the vortex mode degenerated into a
TEM10 mode at low Q-switch rep. rates (where the thermal lens strength increased).
Vortex mode generation
Given that the thermal lens dioptric power was strongest at the centre of the beam, the
TEM00 would be expected to experience the strongest focusing of all the cavity modes.
Higher orders modes are larger and contain more power in the wings, so they would
experience the non-parabolic aberrations more strongly than the fundamental, and see
a weaker overall thermal lens. It is this that could provide the mechanism that allowed
the TEM01∗ mode to be produced. Increasing the arm length L2 pushed the cavity close
to the edge of the second stability zone (i.e. near the point 1/f = 1/L1 + 1/L2), which
made the TEM00 unstable, or at least increased its spot size to the point where it could
no longer oscillate. Higher order modes however would have seen a weaker thermal lens,
and thus existed well inside the stability zone. In this way the TEM00 would have been
suppressed, causing the laser to oscillate on the TEM01 and TEM10 modes. Because
of the amplifier’s symmetry, these were able to combine in a superposition to give the
TEM01∗ mode.
Previously, Okida et al. have also performed thermal simulations to understand
the formation of optical vortices in Nd:YVO4 bounce lasers, at 1064 nm [97] and 1342
nm [99] wavelength. Only the horizontal thermal lens was investigated, but they too
concluded that the aberrations were strong enough that they could provide the necessary
mode selectivity for generation of the TEM01∗ mode. The simulations presented here
however were performed in both the horizontal and vertical directions, showing that
the aberrations were strong in both directions, and thereby offering a more complete
explanation for the formation of a doughnut mode by such a means.
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3.5 Modelocked stigmatic bounce oscillator
A further useful application for the stigmatic amplifier design involved modelocking by
means of the nonlinear mirror modelocking (NLM) technique. Modelocking has been
performed previously in the bounce geometry using both semiconductor [58, 102] and
quantum dot [102, 103] saturable absorbers, as well as with the less common NLM tech-
nique [59]. This latter approach involves the use of a nonlinear crystal and dichroic mir-
ror to form a nonlinear mirror, which forms the basis of a passive modelocking scheme.
A previous demonstration of NLM modelocking in the bounce geometry laser has shown
impressive results, with CW modelocking demonstrated at the highest average power
ever reported for a NLM modelocked laser (11.3 W), and with pulse durations as short
as 5.7 ps [59]. The set-up however proved very difficult to align, and the modelocking
output was unstable over long periods of time. With the use of the stigmatic laser
oscillator in place of the standard bounce configuration, it was hoped that the circular
stigmatic TEM00 mode profile would allow for higher nonlinear conversion efficiencies
and hence more stable and efficient modelocking with the NLM technique.
This section describes how the stigmatic bounce laser oscillator was adapted for mod-
elocking with a nonlinear mirror, and demonstrates CW modelocking with an extended
cavity set-up. The majority of the work in this section was performed by Gabrielle
Thomas.
3.5.1 Nonlinear mirror modelocking
First proposed by Stankov and Jethwa [104], the NLM technique makes use of a nonlinear
mirror, which comprises a nonlinear crystal and dichroic output coupler, as illustrated in
fig. 3.20. Light entering the nonlinear crystal is frequency-doubled by second harmonic
generation before being reflected back, together with a fraction of the unconverted light.
The two frequencies interact in the nonlinear crystal, and by difference frequency gen-
eration (DFG) some of the second harmonic is converted back to the fundamental. For
low intensities the conversion efficiency of these processes is negligible, and the NLM
reflectivity is simply equal to the reflectivity of the dichroic OC at the fundamental
wavelength. However for high intensities, the conversion efficiency into the second har-
monic and back again becomes significant, and the reflectivity of the NLM is increased
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– the reflectivity of the OC combined with the nonlinear crystal is therefore intensity
dependent. The upshot is that the leading and trailing edges of a pulse see greater out-
put coupling than the peak, and are thus attenuated by a larger fraction. This provides
the pulse shortening mechanism which is the basis for the generation of a modelocked
pulse.
Figure 3.20: Conceptual diagram of a nonlinear mirror. The fundamental frequency w1
(drawn in red) is converted to the second harmonic w2 (green) on the first pass through the
nonlinear crystal, and this is converted back by DFG on the return. The dichroic output
coupler is partially reflective (PR) at w1 and highly reflective (HR) at w2, such that the more
light that gets converted, the higher the NLM reflectivity.
This technique is of particular interest for two main reasons. First, one of the
problems that was encountered with saturable absorber modelocking in the bounce
geometry was that the high optical intensity of the pulse can cause damage to the
absorber. However a NLM modelocker does not work by absorption, so it is not as
liable to suffer damage. Second, unlike many saturable absorbers, a nonlinear mirror
has no inherent recovery time, so the pulse duration is limited only by the spectral
bandwidth of the gain medium or by dispersion in the nonlinear crystal.
3.5.2 Extended-cavity NLM modelocking set-up
For NLM modelocking, a new stigmatic laser was constructed using the same bounce
angle and amplifier dimensions as previously, but with a nominally 40 W diode bar
and arm lengths L1 = 120 mm and L2 = 65 mm. The laser produced circular stigmatic
TEM00 output (which usefully confirms that the technique of symmetrising the amplifier
is easily replicable). Because the cavity was very short, it was necessary to extend it
in order to increase the round trip time, thus increasing the energy of the modelocked
pulses which in turn improved the nonlinear conversion efficiency on which modelocking
relied. The cavity was extended by imaging the position of the output coupler with an
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f = 250 mm spherical lens (as shown in fig. 3.21), which increased the physical cavity
length to 1.2 m while maintaining the same behaviour (stability zones, mode sizes,
etc.). A BiBO (BiB3O6) crystal with type I phase matching was used for the nonlinear
frequency conversion, and the dichroic OC had a reflectivity of 70% at 1064 nm and
100% at 532 nm. The distance between the nonlinear crystal and the OC was adjusted to
ensure that both the fundamental and second harmonic had the correct phase difference
for DFG, by making use of the dispersion in air.
Figure 3.21: Experimental set-up for NLM modelocking in an extended-cavity stigmatic
laser.
3.5.3 Experimental results
Continuous-wave modelocking was successfuly achieved in this system at an average
power of 12 W (from 35 W pump power), which is slightly higher than the 11.3 W
demonstrated in the previous bounce geometry NLM laser [59]. The pulse train was
observed on a photodiode and plotted in fig. 3.22, which shows that the pulse heights
were clearly very regular over this timescale. In addition, the beam quality remained
very high when the system was modelocked, as shown in fig. 3.23. The M-squared
was measured to be M2x = 1.12 and M
2
y = 1.18, and the beam again showed high
circularity and low astigmatism. The system also showed much higher reliability than
previous bounce geometry NLM lasers – modelocking was comparatively easy to achieve
by alignment of the laser’s components, and the system continued to modelock over long
time scales. The pulse duration was measured by an autocorrelator to be 14 ps, and the
system operated at a repetition rate of 125 MHz.
These results show the benefits of the stigmatic laser design for nonlinear mirror
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Figure 3.22: Pulse train showing the amplitude on a photodiode as a function of time for
the NLM modelocked stigmatic laser.
modelocking. It is thought that the high spatial quality and low astigmatism gives rise to
a high nonlinear conversion efficiency, which improved the efficiency of the modelocking
process by making the NLM reflectivity more strongly dependent on the intensity. This
led to a system which was much more reliable and stable over long periods.In addition,
the high quality and stigmatism of the beam was preserved under modelocking, whereas
in the previous work the beam saw some degradation. The optical-to-optical efficiency,
too, was higher, at 34% (compared with 28% in the previous work [59]).
The high nonlinear conversion in the stigmatic NLM laser should also have helped
reduce the pulse duration, however there are no directly analogous results available from
a non-stigmatic bounce laser that we can use for comparison. A NLM modelocked (non-
stigmatic) bounce laser has been demonstrated using BiBO, giving a pulse duration of
5.7 ps [59], however the laser made use of a more complicated optical set-up to extend
the cavity and incorporate the nonlinear crystal. This set-up proved highly unstable,
difficult to replicate, and susceptible to damage, and so a simpler cavity design (using
only a single lens to extend the cavity length) was instead chosen for this work. This new
design contributed towards the laser’s stability and robustness, but it also led to a longer
pulse duration since the beam size in the crystal was larger (resulting in poorer nonlinear
conversion and a lower nonlinear reflectivity). The longer pulse duration of this set-up
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Figure 3.23: Far-field spatial intensity profile of the NLM modelocked stigmatic laser.
therefore does not necessarily indicate a disadvantage to using the stigmatic laser design;
instead, it is likely that the stigmatic design helped provide good modelocking despite
the reduced conversion efficiency of the more stable cavity design.
3.6 Analysis and discussion
This section discusses a few aspects of the stigmatic oscillator in more detail. The
issue of the oscillator’s low efficiency is addressed, and some further measurements are
made to try to understand this. In addition, some interesting observations were made
concerning the spatial form of the beam that leaked from the back mirror of the cavity,
and these are presented.
3.6.1 Reduced efficiency of the stigmatic laser
One drawback with the stigmatic TEM00 laser design was that it gave a significantly
lower optical-to-optical efficiency (24%) compared with the non-stigmatic high-gain
TEM00 oscillator (49%) described in chapter 2 (page 51). There are several features
of the laser’s design that could account for this low efficiency, and these will be dis-
cussed here. First, since the amplifier’s small-signal gain was much lower than in the
high-gain laser mentioned above, the threshold pump power was correspondingly much
higher (around 14 W compared with 2 W). Such a high threshold also necessitated the
use of a less transmissive output coupler, which would have reduced the output coupling
efficiency. Second, the bounce angle of 3.2◦ was around half the value usually employed
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in the bounce geometry, and it is possible that at such a low angle the laser mode did
not overlap fully with the exponentially-absorbed pump radiation in the z-direction.
Finally, the imperfect spatial overlap between the TEM00 mode and the gain along the
length of the pump face would also have reduced the efficiency.
In order to investigate the effect of the small bounce angle, the cavity was adapted
to form a highly compact cavity with arm lengths L1 = L2 = 7 mm. With such a
short cavity, the laser was able to oscillate on many cavity modes, and thus the power
extraction was not determined by the spatial overlap of the TEM00 with the gain. The
output power against pump power was plotted in fig. 3.24 with a bounce angle of 3.2◦
(red curve) and 7.0◦ (green curve). It can be seen that the maximum power was only 2 W
higher at 7.0◦ than at 3.2◦, suggesting that the small bounce angle had only a relatively
small effect on the laser’s efficiency. Indeed, the slope efficiency of the compact set-up at
3.2◦ was 46%, which is not much lower than in the compact high-gain set-up described
in chapter 2 (56%).
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Figure 3.24: Output power as a function of pump power for the stigmatic oscillator (blue)
compared with a compact cavity using the same amplifier parameters (red) and with an
increased bounce angle (green).
Also plotted in fig. 3.24 is the power of the asymmetric TEM00 stigmatic oscillator
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(blue curve, which is the same data as plotted in fig. 3.4). Comparing this with the
compact set-up at 3.2◦ shows that the maximum output power was much lower in
the TEM00 set-up (15 W compared with 24 W). This suggests that the TEM00 cavity
configuration itself was to a large extent responsible for the low efficiency. A laser cavity
with many possible modes will always extract the gain better than one that is constrained
to oscillate only on the TEM00, and this has been observed in many other TEM00 bounce
lasers that also make use of asymmetric cavities [57, 62, 68, 69]. However the power
drop in going to a TEM00 configuration is usually small, as for example in chapter 2
where the power decreased by approx. 10%. The reason why the power dropped by
such a large fraction could simply be that, because of the amplifier’s lower gain, any
diffractive losses in the cavity had a larger effect on the laser’s overall efficiency.
Another factor in the laser’s low efficiency was the poor spatial quality of the 60 W
diode bar used in these experiments. The individual bar has since been used in other
lasers, which obtained lower efficiencies than expected. Fortunately, since a different
diode was used in the oscillator built for the modelocking work in section 3.5, we can
use this to get a better idea of the efficiency limitations of the stigmatic design. The
extended-cavity stigmatic oscillator produced over 12 W of TEM00 power from 35 W
pump power, giving an efficiency of 34% which is significantly higher than the efficiency
demonstrated in section 3.3.1.
To summarise, the low efficiency of the stigmatic oscillator arose from a combination
of the low gain and the less-than-perfect overlap between the gain and the TEM00
mode, but it was also partly due to the poor quality of the pump diode used in these
experiments. In chapter 4 it will be shown how the power of this laser can be further
scaled by the use of a second stigmatic amplifier as a power amplifier, whilst maintaining
beam quality and stigmatism.
3.6.2 Asymmetry in the cavity mirror field patterns
A curious asymmetry was observed when looking at the output from the two ends of
the laser cavity. Since the HR back mirror was not fully 100% reflective, it was possible
to observe the weak beam that leaked through the back mirror, and it was noticed that
spatially this beam was very different to the main output. Figure 3.25 shows the main
output beam (from the OC) in (a) the far-field and (b) at the focus of a spherical lens.
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In the far-field the beam was TEM00 with a weak Airy ring, but when this was focused
the ring structure interfered with the central core to give the pattern seen in fig. 3.25 (b).
The beam that leaked through the back mirror was imaged in a similar way, and fig. 3.26
shows it (a) in the far-field and (b) at the focus. Interestingly, the output from the back
mirror appears to be the opposite of the output from the OC, i.e. the TEM00 appears
at the focus, whereas in the far-field most of the intensity is away from the centre. This
phenomenon was also seen when the arm lengths L1 and L2 were swapped round, in
which case the main laser output resembled the behaviour in fig. 3.26.
(a) (b)
Figure 3.25: Spatial intensity profiles showing the beam emitted from the output coupler
of the stigmatic TEM00 laser oscillator (a) in the far-field and (b) at the focus of a lens.
(a) (b)
Figure 3.26: Spatial intensity profiles showing the leaked beam from the back mirror of
the stigmatic TEM00 laser oscillator (a) in the far-field and (b) at the focus of a lens.
It was possible to spatially filter the beam that was emitted from the back mirror,
just as was done for the main laser output beam, the only difference being that the
spatial filter had to be located at the focus rather than in the far-field, since that was
where the higher-order structure was spatially separated from the TEM00. This was
achieved with little decrease in the power, and the resultant beam had a measured M-
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squared of M2x = 1.3 ± 0.2 and M2y = 1.2 ± 0.1, with the beam remaining close to
TEM00 in all focal planes. This confirms that in both beams the majority of the power
was in the TEM00 mode. It seems therefore that the two beams are essentially very
similar, but imaged differently. We might expect this; the cavity is highly asymmetric,
and the cavity mode is focused much more tightly in the short arm than in the long
arm. In other words, because of this asymmetry, the laser mode is imaged differently
onto each of the cavity mirrors. It could be that the outputs from each end of the laser
were Fourier transforms of each other.
3.6.3 Other stigmatic designs
The design presented here is by no means the only stigmatic bounce geometry scheme
that is possible. For instance, Zimer et al. [65] have described a different approach, which
is based on achieving one-dimensional heat flow by means of a thin slab in a similar
manner to the thin disk design. The composite face-cooled design greatly reduced the
thermal lens strength in both directions, and by increasing the bounce angle to 11.4◦
the gain profile was made symmetric. A power of 9.3 W was obtained with M2 < 1.3
(although it is not actually shown how stigmatic the output was). This scheme is
certainly an elegant approach to overcoming astigmatic thermal lensing in the bounce,
although the design presented in this chapter could be said to be simpler, since it required
no crystal bonding. Also, no Q-switching was performed with this system.
In appendix A, an alternative stigmatic cavity design is presented that makes use of
the amplifier described in this chapter but with a different resonator configuration. For
various reasons (such as simplicity and higher power), the plane-plane cavity was chosen
for inclusion in this chapter, but the other design had a number of interesting features
that made it worth including. Most significantly, a higher pulse energy of 0.64 mJ was
obtained, and the laser showed excellent pulse energy stability, with a jitter of under 1%
within the range 0–25 kHz.
3.7 Conclusion
In this chapter, a technique was presented that allows the symmetrisation of a bounce
geometry amplifier. It was explained how in a typical bounce amplifier, the gain pro-
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file and the thermal lens each exhibit a strong asymmetry, which generally leads to
non-circular, astigmatic laser output. However, by control of some of the amplifier’s
dimensions, an amplifier can be designed in which the laser mode experiences a circu-
lar gain region and spherical thermal lasing. This was demonstrated experimentally by
varying the bounce angle and the vertical diameter of the pump beam, and values of
3.2◦ and 1100µm respectively were found to give stigmatic behaviour.
In a compact laser resonator with a Nd:YVO4 amplifier of this design, 13.2 W of
power at 1064 nm was obtained from 60.0 W pump power in a high quality TEM00 beam
of M2 < 1.2. The output showed a high degree of circularity and very low astigmatism.
This simple plane-plane resonator required no intracavity optical components, and was
very compact with a total length of 13.4 cm. By increasing the pumped volume inside
the laser amplifier, this design also greatly improved the energy storage in Q-switched
mode. Because of the amplifier’s reduced gain, an AO Q-switch was able to hold off
lasing indefinitely, allowing a lower Q-switch repetition rate to be used without parasitic
lasing. A maximum pulse energy of 0.45 mJ was obtained, and stable Q-switching was
observed at repetition rates from single-shot to 900 kHz. Frequency doubling of this
laser by second harmonic generation gave up to 7.2 W of power at 532 nm, with a
maximum power conversion efficiency of 64%.
The rotational symmetry of the amplifier design made it suitable for generating a
high-power Laguerre-Gaussian “doughnut” beam. By exploiting the spherical aberration
of the thermal lens, the TEM00 mode was suppressed and the laser oscillated on a
non-degenerate vortex mode with 16.6 W power and very low astigmatism. It was
observed that the beam possessed a phase vortex, implying that it should contain angular
momentum. This method of generating a phase vortex was extremely simple, requiring
the addition of no extra components to the laser cavity. To better understand how it
works, a numerical analysis of the heat generated in this laser amplifier was performed,
which gave quantitative agreement with experimental results. The laser was also Q-
switched at up to 400 kHz repetition rate while maintaining the vortex.
Finally, the stigmatic oscillator was modelocked using the technique of nonlinear
mirror modelocking. The nonlinear mirror comprised a nonlinear crystal and a dichroic
mirror to achieve an intensity-dependent reflectivity, which formed the basis for a mod-
elocking scheme. The use of the stigmatic oscillator helped to stabilise the NLM mod-
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elocking process, and it proved more stable than previous NLM modelocked bounce
lasers. CW modelocking was demonstrated with a pulse duration of 14 ps and an av-
erage power of 12 W, which is, to my knowledge, the highest power demonstrated in a
nonlinear mirror modelocked laser to date.
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Chapter 4
Power scaling
4.1 Introduction
With its high gain, efficiency, and mitigation of thermal problems by spatial averaging,
the bounce geometry is well-suited to power scaling. Highly efficient power amplifiers can
be built due to the design’s high single-pass gain and efficient overlap between the gain
and laser mode, and powers have already been demonstrated in excess of 100 W [32, 63].
As with many laser designs, the main issues for power scaling in the bounce geometry
are thermal lensing and optical damage, and several different approaches have so far
been taken to try to overcome these. One scheme that has proved particularly effective
is the master oscillator power amplifier (MOPA) configuration.
This chapter investigates power scaling in the bounce geometry by means of a MOPA.
First, an overview is given of the different approaches that have already been taken to
power scaling in the bounce. A system is then presented to demonstrate highly efficient
power scaling by a simple MOPA. A multi-stage power amplifier is then presented which
enables further power scaling, and the benefits and drawbacks of this arrangement are
discussed. A very simple MOPA set-up is then shown that is based on the stigmatic
oscillator demonstrated in the previous chapter, which was able to preserve the beam
quality and stigmatism of the beam under amplification. Finally, the amplification
of a Q-switched source is investigated, with consideration for how to maximise the
pulse energy. Another power amplifier design, the COmpact Face-Folded INternally
(COFFIN) amplifier, is also presented in this thesis, but this is covered in the next
chapter.
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4.2 Power scaling in the bounce geometry
The most obvious way to increase the power of a laser is to pump it harder. Because
of the way in which pump light is spread over the pump face, it is possible to pump
a bounce amplifier very strongly before the damage threshold is reached. However,
intense pumping inevitably affects the laser system in ways which can be detrimental
to performance. Higher pump powers bring stronger thermal focusing and aberrations
as well as parasitic lasing, which can degrade the beam quality. To an extent, the
laser oscillator can be designed to deal with thermal lensing effects (as shown in the
previous chapters), but eventually a limit is reached where other performance factors
are effected, such as the efficiency. Different cooling methods have been investigated in
order to reduce the thermal gradients, notably by cooling directly through the pump
face [53, 65], however the literature is sparse, and to date face-cooling in the bounce
geometry has only been reported at up to 9.3 W output power [65]. Another problem
with power scaling a bounce laser oscillator is that the pump power of individual diode
bars is limited to around 100 W. Higher pump powers require the use of diode stacks,
which have poorer spatial quality (because they comprise three separate diode bars).
The highest reported output power from a bounce geometry laser oscillator on its own
was 103 W, which was pumped by a 5-bar stack delivering 240 W power [63, pages
69,70]. However the beam profile was highly multimode, owing to the strong thermal
lensing effect.
A standard approach to power scaling is the MOPA, in which the important laser
parameters are to an extent decoupled from the process of power amplification. Charac-
teristics such as spatial quality or temporal behaviour are then defined primarily by the
(low-power) oscillator, where they can be more easily controlled. Naturally, the chal-
lenge lies in designing a power amplifier which has a minimal effect on these parameters,
and with this is mind a particularly effective solution has been developed known as the
double-bounce amplifier [32, 66, 67, 86]. Two passes are made through the amplifier,
with each pass extracting a different section of gain. By reducing the aberrations experi-
enced by the beam and increasing the spatial averaging effect, beam quality distortions
are kept to a minimum. The result is that power can be scaled to the 100 W level whilst
maintaining a high-quality TEM00 beam [32].
One other direction that has proved effective for power scaling in the bounce is to use
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adaptive optical techniques to correct for distortions. The use of phase conjugate mirrors
has been shown to reduce beam quality degradation in high-power bounce geometry
amplifiers [105, 106]. Over 80 W has been demonstrated in a phase-conjugate bounce
MOPA with two power amplifiers, albeit with some beam degradation (M2 < 1.8) [106].
An interesting variation on this concept is to perform the phase conjugation inside the
laser medium itself [73]. Because of the high single-pass gain of the bounce it is possible
to write real-time gain holograms into the laser amplifier, enabling phase conjugation
techniques that can correct for thermal distortions and maintain beam quality [60, 61,
74, 107, 108]. Powers up to the 90 W level have been demonstrated from an adaptive
bounce laser [109]. A promising extension of this concept is to use multiple adaptive
amplifier modules to achieve coherent beam conjugation. As the modules have no cavity
and hence no predefined spatial or spectral modes, they are easily able to find a common
frequency on which to lase, facilitating their combination. This has been demonstrated
with two such modules producing 27 W [110] and could be readily scaled to ‘trees’
of modules in combination, offering the potential for truly repeatable power scaling.
However this has not yet been demonstrated with true TEM00 beam quality, and would
suffer from increasing complexity as power is scaled.
4.3 Bounce geometry MOPA
A simple bounce MOPA was set up in a high-gain configuration. As discussed in sec-
tion 2.3, by focusing the pump radiation to a narrow line on the pump face, small-signal
gains on the order of 104 can be created in a bounce amplifier. With a power amplifier
in this configuration, saturation of the population inversion is easily achieved in a single
pass, permitting very high CW extraction efficiency. Furthermore, because of the small
vertical size of the laser mode, the effect that thermal lensing and distortions have on
the mode is limited by diffraction.
The experimental set-up of the MOPA is shown in fig. 4.1. In the oscillator, pump
radiation from the diode was focused by a vertical cylindrical lens (VCLD) of focal length
12.7 mm to create a line focus of approximately 10 mm diameter in the horizontal
direction and 100 µm in the vertical. The two intracavity cavity VCLs matched the
cavity mode to this pumped region in the vertical direction. The cavity was formed
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between a HR back mirror and a 30% reflectivity OC. An internal bounce angle of 7◦ to
the pump face was used in the amplifier crystal. The cavity arm lengths L1 and L2
were set in an asymmetric configuration to force TEM00 oscillation (as explained in
section 2.4). The oscillator produced 42 W from 100 W pump power in a TEM00 beam
with some higher-order structure along the horizontal axis.
Figure 4.1: Experimental set-up for high-gain MOPA. Both the oscillator and amplifier
were in a tightly-focused, high-gain configuration. A horizontal cylindrical lens (HCL) was
used to match the output from the oscillator to the power amplifier in the horizontal.
The output from the oscillator was fed into the power amplifier, using a horizontal
cylindrical lens (HCL) to match the beam’s width to the amplifier’s gain region in the
horizontal. The HCL was defocused, and caused the beam to diverge as it entered
the power amplifier, which served to partially counter the effect of thermal focussing
in the amplifier. The power amplifier itself was set up identically to the oscillator,
with a bounce angle of 7◦ and similar diode focusing and vertical coupling optics. The
horizontal aperture of the crystal filtered most of the wing structure, and after coupling
losses the power through the unpumped amplifier was 33 W in a TEM00 beam.
Figure 4.2 shows the laser output power and power amplifier extraction efficiency as
a function of amplifier pump power. The extraction efficiency is defined as the power
extracted from the amplifier divided by the amplifier pump power. Up to 84 W was
obtained from this MOPA at the maximum pump power of 100 W, representing a total
optical-to-optical efficiency of 42 % for the MOPA system. The extraction efficiency from
the power amplifier peaked at 58 %, which to my knowledge is the highest extraction
efficiency reported from a bounce power amplifier (for comparison, bounce MOPAs have
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previously been demonstrated with extraction efficiencies of up to 48 % [58]). This
implies there was a very good overlap between the input beam and the power amplifier
gain region, and that the gain was highly saturated by the input beam.
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Figure 4.2: Output power and power amplifier extraction efficiency as a function of power
amplifier pump power for high-gain bounce geometry MOPA.
There is a small but noticeable drop in efficiency above ∼ 70 W amplifier pump
power as seen in fig. 4.2, one explanation for which could be thermal lensing. At this
level of pump power, the dioptric power of the thermal lens is strong enough to cause a
significant change in the beam radius over the length of the crystal, which can reduce the
gain overlap. The beam quality, though preserved under moderate pumping, decreased
somewhat at high amplifier pump powers, as higher-order horizontal structure interfered
with the core TEM00. Horizontally, the increasing thermal lens strength leading to
stronger abberation resulted in a more distorted amplified beam. In addition, the beam
suffered from the effect of amplification distortion due to the gain profile1. Vertically,
the mode was more easily preserved than in the horizontal as the overlap was very good
and the thermal lens was somewhat negated by the small beam waist. However, at very
high pump powers it became increasingly hard to achieve perfect overlap because of
thermal focusing, and vertical structure was observed on the beam profile as well.
1When the gain is not uniform over the beam, and some parts are amplified more strongly than
others, the shape of the beam becomes distorted.
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Further power scaling would be possible in this system by replacing the diode with
a higher-power stack, but the poorer spatial quality of diode stacks could reduce the
overlap with the laser beam, leading to poorer beam quality and extraction efficiency.
This would be compounded by increasing thermal lensing effects which are already
apparent in the loss of efficiency above ∼ 70 W.
4.4 Power amplifier chain
To overcome the limitations of power scaling with a single amplifier, it was investigated
whether multiple amplifiers could be combined in a chain. The aim was to increase the
power amplification without concentrating too much power into any single amplifier,
making the technique repeatable without encountering serious thermal problems.
Figure 4.1 shows the experimental set-up for a bounce MOPA with two power am-
plifiers2. Both power amplifiers were pumped by 100 W diode bars, tightly focused onto
the crystals with f = 12.7 mm vertical cylindrical lenses, while 50 mm focal length VCLs
matched the beam to the pump region in the vertical. A HCL was placed between the
two amplifiers to counter the divergence introduced by the horizontal thermal lenses and
to keep the beam horizontally matched to the second amplifier. An oscillator with 15 W
of power was used as the seed source for amplification.
Figure 4.3: Experimental set-up for high-gain MOPA. To prevent feedback to the oscillator
and ASE reflections from the oscillator’s OC, an optical isolator was constructed using two
half-waveplates (λ/2), two Glan-air polarisers (GAP), and a Faraday rotator.
To prevent feedback into the oscillator or double-pass ASE from reflection off the
OC, an optical isolator was placed before the first amplifier. This consisted of two
half-waveplates, and a 45◦ Faraday rotator between two Glan-air polarisers (GAP). The
2A MOPAPA, if you will.
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isolator transmited the vertically polarised light from the oscillator, whereas light in
the other direction (of any polarisation) was dumped out by one of the polarisers. The
half-wave plates ensured the transmitted light retained its vertical polarisation after the
isolator. Due to the imperfect nature of the polarisers, a maximum transmission of 87%
was experienced through the isolator (left to right).
With no amplification, a CW power of 10.6 W was transmitted through the amplifier
chain. With just the first amplifier pumped at 100 W the laser’s power was amplified
to 58 W, and with both diodes the output was 102 W. Extraction efficiency at full
power was good, with 47 % and 44 % from the first and second power amplifiers respec-
tively. The high gain of the amplifiers ensured good extraction despite the relatively
low-power oscillator (which was further reduced due to transmission losses in the isola-
tor). Spatially, the TEM00 profile was not well-preserved under amplification in either
the horizontal or vertical directions, which occurred for the same reasons given for the
previous set-up.
With the high gain, a substantial amount of ASE and parasitic lasing occurred. With
both amplifiers at full pumping and the laser cavity blocked, over 20 W was measured at
the power meter. Multi-Watt double-pass ASE powers are common in bounce amplifiers
(indeed, high-power ASE lasers have been built on this principle [111, 112]) but the
combination of multiple amplifier modules and the extra surfaces introduced by the
coupling optics allowed ASE to build up to very high powers indeed. This could be
greatly reduced with an isolator between power amplification stages (but at a cost to
power and simplicity).
A major disadvantage with amplifier chain systems such as these is their complexity.
The strong thermal lens in each power amplifier must be compensated for, requiring addi-
tional optics. Furthermore, any alignment errors or variations in thermal lens strengths
will propagate through the chain. It should be possible to extend the chain to more
amplifiers, but the stability of the system and the technical challenge of doing so will
serve as a limit on power scaling. Thus, to an extent this does appear to be a viable
method for power scaling (provided beam quality is not of the highest importance), how-
ever issues with the complexity of the system could limit its use in practice, rendering
many-amplifier chains a significant technical challenge for real-world application. In the
following chapter, a folded dual-pumped amplifier is demonstrated which aims to build
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on this work to create a simpler, more compact design to allow practical power scaling
with multiple amplifiers.
4.5 Stigmatic bounce MOPA
Both of the MOPA configurations described above suffered from the usual problem of
beam astigmatism, which got worse with increasing pump power. However the stigmatic
amplifier design from chapter 3 presents an opportunity to design a MOPA system that
avoids this problem entirely. Furthermore, by building a second stigmatic amplifier of
identical dimensions, the two amplifiers can be directly imaged onto one another with no
coupling optics whatsoever, ensuring the spatial overlap of the gain is optimised without
any special effort.
A MOPA was thus built as shown in fig. 4.4. The master oscillator was identical to
that described in section 3.3, and the power amplifier was designed to have the same
bounce angle (θB = 3.2
◦), pump dimensions (8mm × 500µm), and pump power (60 W)
used in the master oscillator. The spatial intensity profiles of both diodes were measured,
allowing the second amplifier to be adjusted such that it had an approximately identical
gain profile. Since the diodes were by different manufacturers there was a difference in
their vertical divergence, which was easily compensated for by adjusting da to produce
a similar pump profile in both amplifiers. By setting L3 = L1, the two amplifier crystals
were directly imaged onto each other (since there was a beam waist at the OC). No
isolator was required as the gain of both amplifiers was too low for significant double-
pass ASE to build up.
Figure 4.4: Experimental set-up for stigmatic bounce MOPA. The amplifiers are imaged
onto each other with a waist at the OC.
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With this MOPA, the power of the beam was amplified from 13.9 W to 26.5 W
whilst preserving both the beam quality and stigmatism of the master oscillator. The
profile of the beam, like that of the master oscillator, was a TEM00 surrounded by a
weak airy ring (see fig. 4.5). This ring structure was removed with an extracavity iris
for a power loss of 7 %, and the M-squared of the filtered beam was measured to be
M2x = 1.31 ± 0.02, M2y = 1.18 ± 0.02 which is slightly higher than the M2 of the oscillator,
i.e. there was a small decrease in beam quality under amplification. Figure 4.6 shows
a focused caustic measured for this filtered beam, which clearly shows a high degree
of stigmatism and circularity. This implies that the two amplifiers were well-matched
to each other in both gain profile and thermal lens symmetry. It should be noted that
this was achieved without any adjustment of the pump dimensions once the system was
lasing, demonstrating the ease with which a stigmatic amplifier design can be replicated,
even with non-identical diodes. The amplifier power extraction efficiency was only 22%,
which is slightly poorer than the optical-to-optical efficiency of the master oscillator.
Figure 4.5: Far-field spatial intensity profile at 26.5 W from stigmatic MOPA showing
circular TEM00 output.
This system was very effective at maintaining the stigmatism and beam quality of
the oscillator. It was also remarkably simple and easy to align, requiring no re-shaping
optics (although of course the amplified beam may require recollimation). This simplicity
could also make it an easy scheme to extend to multiple power amplifiers. The clear
drawback however is the low efficiency, which is a consequence of the low gain of the
stigmatic amplifier. However, in a multi-amplifier set-up the extraction efficiency could
improve as the amplifiers become more and more saturated. Another way to improve
105
4.6 Pulse amplification
the efficiency could be with multiple passes through the amplifier.
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Figure 4.6: Caustics measured for output of stigmatic MOPA (after filtering of ring struc-
ture) and fitted to the Gaussian propagation equation to estimate the M-squared . The
circular stigmatic TEM00 nature of the oscillator was largely preserved under amplification
(although some slight beam quality degradation did occur).
4.6 Pulse amplification
This section looks at the amplification of Q-switched sources in a bounce geometry
MOPA, and how the use of a Q-switched source changes the design rules. Amplification
of pulsed sources can be more complicated than the CW case because the energy storage
lifetime of the amplifier becomes a factor. In this section, extraction from an amplifier is
measured across a range of repetition rates, and the design of the amplifier is optimised
for energy extraction.
In order to study the power extraction across a wide range of pulse repetition rates,
a single-shot Q-switched oscillator was used as described in section 3.3.2 (page 74). The
relatively low gain of this oscillator allowed it to be Q-switched at repetition rates from
0–450 kHz, and it produced a high-quality stigmatic TEM00, with an output power of
up to 9.8 W in CW mode. A MOPA incorporating this oscillator is shown in Fig. 4.7.
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Cylindrical lenses matched the beam to the pump region in both the horizontal and
vertical axes as described in section 4.3. An isolator was included to prevent double-
pass ASE from reducing the energy storage of the amplifier. With no amplification, a
power of 7.2 W was measured from the system, with the power loss being primarily due
to transmission losses in the isolator.
Figure 4.7: Experimental set-up for high-gain MOPA with versatile Q-switched source.
VCL and VCLD are vertical cylindrical lenses, HCL is a horizontal cylindrical lens, HR is a
high reflectivity back mirror, and OC is an output coupler.
4.6.1 High-gain set-up
The MOPA was initially set up with the power amplifier in a high-gain configuration,
with da set to bring the diode radiation to a focus at the pump face. In this set-up, with
the power amplifier pumped continuously by a 50 W diode bar, a CW output power
of 25 W was obtained, representing an extraction efficiency of 36%. This is 11% lower
than the MOPA described in section 4.3, which may be because the power amplifier was
less saturated. Compared to that MOPA, this system had a much less powerful master
oscillator, and the amplifier was pumped with half as much power, both of which would
have reduced the level of gain saturation. The extraction efficiency could be improved
by making a second pass through the amplifier.
Figure 4.8 shows the average power of the MOPA as a function of the Q-switch
repetition rate of the master oscillator. The repetition rate was plotted logarithmically
to make it easier to identify what happened in both the low and high repetition rate
regimes. We see that above ∼100 kHz the average power was nearly constant with
repetition rate. In this high repetition rate regime the time between pulses was much
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shorter than the upper-state lifetime of Nd:YVO4 (τ = 90 µs) and the amplifier ef-
fectively saw a continuous-wave source, with power extraction close to the CW level.
Below this frequency, as the Q-switch period became comparable with the upper-state
lifetime, average power was increasingly limited by spontaneous emission as the amplifier
approached its energy storage limit between pulses.
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Figure 4.8: Experimental results from a MOPA with a high-gain power amplifier and
versatile Q-switched oscillator. The average power of the system is plotted against the Q-
switch repetition rate of the master oscillator.
By looking at the energy extracted from the amplifier per pulse we can see more
clearly what happened at the low repetition rate limit. Figure 4.9 shows the extracted
pulse energy, calculated as the extracted power divided by the repetition rate3. As the
repetition rate was increased from single shot, the energy initially stayed constant, since
the energy stored in the amplifier was capped at its maximum. However, above 10 kHz
the energy decreased because the Q-switch was closed for less than the time it took to
reach maximum energy storage in the amplifier.
The maximum extracted energy was around 0.5 mJ. This is much lower than the
3The ‘background’ power was found by setting the Q-switch to continuously block the cavity. This
was measured to be 80 mW, and was subtracted to obtain the amount of power contained within giant
pulses.
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Figure 4.9: Experimental results from a MOPA with a high-gain power amplifier and
versatile Q-switched oscillator. The energy extracted from the power amplifier is plotted
against the Q-switch repetition rate of the master oscillator.
theoretical maximum of 3.4 mJ (the product of the pump power and the fluorescence
lifetime divided by the fractional quantum defect), implying that something other than
spontaneous emission limited the useful energy storage. Of course, the overlap between
the laser mode and the power amplifier gain region could never be perfect, so 3.4 mJ is
very much a theoretical maximum. Indeed, the CW extraction efficiency for this MOPA
was only 36%, and although this was partly due to the relatively low power of the input
beam, this could imply a poor overlap. Nevertheless, there are many other factors that
could have reduced the energy storage in the medium, such as ASE, Auger upconversion,
and ‘bleaching’ of the population inversion (whereby all the Nd ions close to the pump
face become fully inverted, increasing the absorption depth and potentially reducing the
overlap in the z-direction). All of these potential factors are dependent on the inversion
density, so by increasing the pump area it should be possible to reduce their effect.
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4.6.2 Improving the energy storage
It was investigated whether the energy extraction at low repetition rates could be im-
proved by varying the pump size, and this was done by adjusting da, the position of the
diode focussing lens. To spatially match the input beam to the pump size, the position
of the input VCL, la was also varied (as indicate on fig. 4.10). This was done iteratively;
da was increased by a small amount and la (the distance from the HCL to the power
amplifier) was then varied to maximise the output power. A combination of these two
variables was thus found that gave the most output power with the master oscillator
operated at a Q-switch repetition rate of 10 kHz.
Figure 4.10: Experimental set-up of bounce geometry power amplifier. da was increased
to defocus the diode radiation and increase the gain volume, and la was correspondingly
increased to match the laser mode to the gain region. VCL and VCLD are vertical cylindrical
lenses, and HCL is a horizontal cylindrical lens.
It was found that the energy extraction at low repetition rates could be improved
by increasing the pump size. The vertical pump diameter was increased by a factor of
1.35 compared with the previous set-up, and the power was measured as a function of
repetition rate as plotted in fig. 4.11 (red line). For comparison this is plotted alongside
the same data for the previous, tightly-focused set-up (blue line, as plotted in fig. 4.8).
At repetition rates below 60 kHz the power was higher in the case of the larger gain
volume, suggesting the energy storage capacity was higher. However at repetition rates
above this, the power was highest for the high-gain, tightly-focused amplifier.
The energy extracted from the amplifier was also calculated, as shown in fig. 4.12.
Below ∼ 60 kHz the amplifier with the larger pumped volume allowed greater energy
extraction than the high-gain amplifier, with up to 0.75 mJ extracted energy, meaning
that the highest output pulse energy achieved by this MOPA system was 1.1 mJ. Opti-
mising the energy extraction in a MOPA such as this is therefore a compromise between
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Figure 4.11: Experimental results from a MOPA showing the average power of the system
as a function of the Q-switch repetition rate of the master oscillator. Results are shown for
both the “regular” amplifier (i.e. the tightly-focused design described in section 4.6.1) and
the amplifier with the larger gain volume described above.
   1   10  100 1000
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Repetition rate [kHz]
Ex
tra
ct
ed
 e
ne
rg
y 
[m
J]
 
 
Regular amplifier
Large gain volume
Figure 4.12: Experimental results from a MOPA showing showing the energy extracted
from the power amplifier as a function of the Q-switch repetition rate of the master oscillator.
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the higher small-signal gain in the case of a tightly-focused amplifier, and the higher
energy storage capacity obtained with a large gain volume.
4.6.3 Quenching mechanisms
To try to identify which factors limited the energy storage, we will consider the processes
of ASE and Auger upconversion, and inversion bleaching in the “regular” amplifier. ASE
is the easiest of these to measure, since it is emitted from each end of the amplifier in a
relatively small angle, and the total ASE power was thus measured to be 1.1 W (under
non-lasing conditions). This is necessarily an underestimate, as not all the ASE would
have reached the power meter, but it is nevertheless very small compared to the pump
power, suggesting that that ASE had only a small effect on the maximum stored energy
in the amplifier.
The effect of bleaching can be estimated by considering the number of laser ions re-
quired to achieve fluorescence-limited energy storage in the laser medium, and compar-
ing this with the number that are available within one absorption depth. By taking the
pump area to be 10 mm × 100 µm, the absorption depth as 0.32 mm (from the absorp-
tion coefficient given in table 2.1), and the Nd atomic density as 1.37 × 1020 cm−3 [79],
it was calculated that the medium would contain 4.4 × 1016 Nd ions. By contrast, to
achieve 3.4 mJ of stored energy would require only 1.8 × 1016 ions. This tells us that
bleaching was likely to be significant in this amplifier, although not to the extent that
it could fully account for the low energy extraction.
Upconversion rate equation model
Upconversion can occur between two ions in the upper laser level of (4F3/2, resulting
in a strong orange fluorescence from the crystal, which gets visably more intense under
non-lasing conditions. By transferring energy out of the upper laser level, upconversion
acts as a quenching mechanism, reducing the lifetime of the upper level. To estimate
the effect that this has on the energy storage of the bounce amplifier from this section,
a simplified rate equation was considered for the inversion density, n of the amplifier
under non-lasing conditions
dn
dt
=
R
V
− n
τ
− 2γn2 (4.1)
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where R is the pumping rate, V is the pumped volume in the crystal, τ is the sponta-
neous emission lifetime of the 4F3/2 level, and γ is a parameter determining the rate of
upconversion from the 4F3/2 level. The first term describes optical pumping, the second
spontaneous emission, and the third upconversion. The factor of 2 in the upconversion
term comes from the assumption that for each upconversion event, both upper-state
ions ultimately end up in the ground state, reducing the population inversion density
by 2. A value of γ = 3.0 × 10−21 m3s−1 is given by Meilhac et al. [113].
As the inversion density was not constant throughout the amplifier, it was necessary
to account for its spatial distribution in order to formulate a rate equation for the
system as a whole. To do this, the rate equation was reformulated in terms of the total
population inversion, N by integrating equation 4.1 over the pumped region.
dN
dt
= R− N
τ
− 2γ
∫
Pump
n2dV (4.2)
where
N =
∫
Pump
ndV (4.3)
The absorbed pump density was assumed to take the form of a top hat along the x-axis,
a Gaussian along the y-axis, and an exponential decay into the crystal in the z-axis, i.e.
n = n0e
− y2
2y20 e
− z
z0 for − x0
2
≤ x ≤ x0
2
(4.4)
where n0 is the inversion density at the centre of the pump face, x0 is the diameter of
the pump in x, y0 is the 1/e
2 Gaussian half-width in y, and z0 is the absorption depth.
This gives
dN
dt
= R− N
τ
− 2γn0x0
∫ ∞
−∞
(
e
− y2
2y20
)2
dy
∫ ∞
0
(
e
− z
z0
)2
dz (4.5)
Evaluating this integral, along with the integral for N (equation 4.3), and rearranging
gives us a rate equation that can be solved
dN
dt
= R− N
τ
−
2γ
√
1
4piN
2
x0y0z0
(4.6)
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Equation 4.6 was solved numerically both with and without the upconversion term,
and the results are displayed in fig. 4.13. In the absence of upconversion, the stored
energy approached its theoretical maximum after several τ . However, when the upcon-
version term was included, the maximum stored energy was reduced by a factor of 0.42.
Although this does not fully account for the low energy extraction that was observed, it
shows that upconversion could potentially be an important limiting factor on the energy
storage.
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Figure 4.13: Results from numerical solution of rate equation (4.5) under non-lasing con-
ditions with and without the upconversion term. Energy storage is plotted against time.
To compare this with experiment, we note that in the previous section the amplifier
saw an increase of approximately (225 ± 25) µJ when the vertical pump diameter was
increased by a factor of 1.35. Equation 4.6 was solved again with this increased pump
diameter, and the model predicted an increase of 162 µJ due to the reduction in the
upconversion rate. This accounts for a large fraction of the experimentally-observed
increase in energy extraction. The model used to calculate this was admittedly highly
simplified, but it could suggest that upconversion was a prominent factor in limiting the
energy storage in this amplifier.
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4.6.4 Pulse broadening
At very low repetition rates it was observed that the temporal shape of the amplified
laser pulse became distorted. Under amplification, the temporal shape of the pulse was
changed from being approximately Gaussian to having two intensity peaks. This also
caused an increase in the duration of the pulse.
It was suspected that this could be an effect of saturation of the amplifier’s stored
energy by the laser pulse. To investigate this, the energy of the pulse entering the power
amplifier was varied. With the oscillator kept at a very low repetition rate (2.5 kHz),
the energy was attenuated with a waveplate and polariser between the master oscillator
and power amplifier. By varying the angle of the waveplate prior to the polariser, the
input pulse energy could be attenuated without affecting the pulse in any other way.
The amplifier was pumped at a constant power of 48 W throughout.
Pulse traces recorded on a photodiode are shown in fig. 4.14 (a). The figure shows the
unamplified pulse together with the (normalised) amplified pulse at three different input
pulse energies, Ein. The temporal shape of the unamplified pulse shows the usual, quasi-
Gaussian behaviour. However, the shape of the amplified pulses deviated significantly
from this. The amplified trace at the top of the figure, with an input energy of 120 µJ,
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Figure 4.14: Experimental results showing broadening of the Q-switch pulse duration under
amplification. Figure (a) shows the temporal shape of the unamplified pulse together with
that of pulses amplified at a constant power level but with different input energies Ein. Figure
(b) shows the measured FWHM pulse width as a function of the energy of the input pulse.
The unamplified pulse had a width of 8.8 ns. It should be noted that the temporal offset in
figure (a) was not the same for all traces, since the oscilloscope was set to trigger from the
pulse itself.
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clearly shows two peaks in intensity over time. This structure became more pronounced
as the input energy of the pulse was increased. To see the effect on the pulse width, the
full-width half-maximum (FWHM) duration of the pulse was measured as a function
of the input energy, and is plotted fig. 4.14 (b), which shows that the pulse duration
increased with the input pulse energy.
This effect could be a result of self-saturation of the gain medium by the pulse.
At quasi-single-shot repetition rates, the leading edge of the pulse experiencees the full
unsaturated small-signal gain, but in the process it saturates the gain for the remainder
of the pulse. If the input energy is high enough, the majority of the energy stored in
the amplifier is extracted by the leading edge of the pulse, with the tail seeing little
amplification. This could explain the shape of the pulse in fig. 4.14 (a), where the
amplified 120 µJ pulse shows the appearance of two peaks. Here, only the leading edge
of the pulse sees significant gain, and is pulled up in energy giving the appearance of
a peak while the tail end of the pulse remains largely unamplified, leading also to an
increase in the FWHM width of the pulse. This effect would increase as the input energy
(and hence the level of saturation) was increased, as seen by the increasing broadening
of the pulse with input energy in 4.14 (b).
4.7 Conclusion
This chapter explored several different schemes for power scaling based on bounce geome-
try MOPA systems. First, a simple MOPA was constructed in a high-gain configuration.
A maximum of 84 W output power was obtained, with a power amplifier extraction ef-
ficiency of up to 58 % which, to my knowledge, is the highest reported efficiency for a
bounce power amplifier. A chain of bounce amplifiers was then investigated as a means
of increasing the power scalability. Beam quality noticeably decreased with multiple
amplifiers, but nevertheless the technique allowed power scaling to the 100 W level,
with extraction efficiency from each amplifier of at least 44 %. However the complexity
of the set-up could make larger chains increasingly challenging to construct.
A stigmatic MOPA was constructed with two identical spherically symmetric ampli-
fiers. In a very simple set-up the oscillator output was directly imaged into the amplifier
with no reshaping optics, providing good spatial overlap with the amplifier gain. The
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power was amplified to 26.5 W, and the output remained circular and stigmatic. The
beam quality was mostly preserved (M2x = 1.31, M
2
y = 1.18).
Finally, pulse amplification was investigated. It was found that tightly-focused,
high-gain set-ups did not provide the best amplification at low repetition rates due to
quenching of the energy storage lifetime. By varying the pumped volume of the power
amplifier along with the input beam size, a compromise between energy storage and
small-signal gain was found for a Q-switched MOPA at 10 kHz repetition rate. Over
1 mJ was obtained from this MOPA, with 0.75 mJ extracted from the power amplifier
pumped at 50 W. Different quenching mechanisms were considered, and it was concluded
that upconversion was most likely to be the limiting factor on energy storage, although
bleaching of the gain medium could also have been significant.
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Chapter 5
Power scaling with a compact
folded bounce amplifier
5.1 Introduction
The previous chapter investigated power scaling in the bounce geometry by means of a
MOPA configuration, and one approach that was investigated was to combine multiple
power amplifiers in series. An amplifier chain allows power to be amplified beyond the
limits of a single amplifier, and some respectable extraction efficiencies were demon-
strated, however it was concluded that the size and complexity of such a system could
limit its usefulness in the real world. With a view to overcoming this, an alternative
design was proposed, dubbed the COmpact Face-Folded INternally (COFFIN) ampli-
fier, which incorporates multiple amplification stages inside a single compact bounce
amplifier slab.
This chapter presents results of laser power scaling using this amplifier. First, the
COFFIN design is described, after which a laser oscillator is demonstrated that made
use of the COFFIN amplifier, with high-power near-TEM00 laser operation shown in
both continuous-wave and Q-switched modes. The COFFIN is then investigated as a
power amplifier in a MOPA configuration, and powers of up to 100 W are demonstrated
with both CW and Q-switched master oscillators in a compact set-up.
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5.2 The COFFIN amplifier design
From a practical point of view, a potential problem with using multiple power amplifiers
is the need to direct and shape the beam between each amplifier stage, which was done
in section 4.4 (page 102) using mirrors and lenses to position the beam and match
it spatially to each amplifier. What made this complicated was the strong thermal
lensing present in each power amplifier and the master oscillator, which the re-shaping
optics had to compensate for. If one of the amplifiers was to be operated at a different
power, the optics had to be re-adjusted to account for a change in the beam divergence.
This complexity would increase as more amplifiers are added in series, and a small
misalignment could lead to the beam overspilling an amplifier (and with powers around
the 100 W level this could easily cause damage).Moreover, such set-ups can become very
large.
A potential solution to these problems is the COFFIN amplifier, a folded design
that can be pumped on two sides to allow further power scaling without the complexity
or size of a multi-amplifier set-up. Shown in fig 5.1, the COFFIN design consists of a
five-sided slab in a folded geometry, in which a beam entering the input/output face
undergoes four TIR bounces before emerging anti-parallel to the input. The slab is
pumped by diode bars on each of its two long faces, at which the laser mode makes
grazing incidence bounces. Since both amplifier stages are located very close to each
other in the same crystal, the beam size changes little between amplifier stages except
under extremely strong thermal lensing, meaning that the two amplifiers can both be
spatially well-matched to the laser mode. Also, since the crystal faces are fixed, the
system is insensitive to misalignment. Slightly similar folded slab amplifier designs have
previously been demonstrated as a means of achieving compact power scaling [29, 114,
115], though not in the grazing-incidence bounce geometry.
The COFFIN slab used in our experiments was made from an a-cut Nd:YVO4 crys-
tal with 1.1 at.% neodymium doping, as used in the previous chapters. The crystal
had dimensions 22 × 10 × 2 mm, and was designed for an internal bounce angle of
approximately 7◦ at the pump faces. It was pumped symmetrically by two diode bars
at 808nm on the 20 × 2 mm faces, which were AR coated at this wavelength, while the
input/output face of the crystal was AR coated for the lasing wavelength of 1064 nm.
The crystal was conduction cooled by contact with the two large 22 × 10 mm faces and
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Figure 5.1: Top-down view of COFFIN amplifier. The laser mode (red) undergoes grazing-
incidence TIR at both of the long faces, which are each pumped with a diode bar (orange).
Dimensions are given for the Nd:YVO4 COFFIN crystal used in these experiments.
thin indium foil was used to make effective thermal contact with a water-cooled copper
heatsink.
5.3 COFFIN oscillator
First, the performance of the COFFIN amplifier was investigated in a laser oscillator. A
cavity was constructed around the COFFIN amplifier as shown in fig. 5.2, formed by a
high reflectivity (HR at 1064 nm) planar mirror and a 30% reflectivity planar OC with
arm lengths L1 and L2. The COFFIN crystal was pumped by two 40 W diode bars (one
on each side), and these were vertically focussed by cylindrical lenses (VCLD) of 25 mm
focal length to create a line focus on each pump face. To match the laser mode to this
narrow pump region, a 60 mm focal length cylindrical lens (VCL) was placed across the
input and output beams, to focus the beam through the crystal and re-collimate it. An
AO modulator was also inserted into the output arm of the oscillator to Q-switch it.
5.3.1 CW operation
The oscillator was initially operated in CW mode (without the AO Q-switch present) in
a compact configuration with arm lengths L1 = 9 cm and L2 = 8 cm. The output power
of the oscillator as a function of total pump power is shown in fig. 5.3 (blue curve), which
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Figure 5.2: Experimental set-up for a laser oscillator based on the COFFIN amplifier.
shows a maximum of 37.7 W power for a pump power of 80 W (47% optical-to-optical
efficiency). As with the compact oscillator presented in section 2.3 (page 47) the beam
was fundamental mode in the vertical but multimode in the horizontal. To improve the
beam’s horizontal spatial quality, the cavity was modified as was done in section 2.4
to produce TEM00 by means of an asymmetric cavity design. The cavity arms were
extended to L1 = 25 cm and L2 = 15 cm, and the resultant power is plotted in fig. 5.3
(red curve). As before, the dip in power between approx. 50–75 W was due to the
cavity passing through the unstable region between the two stability zones. At 80 W
pump power the laser produced an output that was predominantly TEM00 with weak
horizontal wing structure, at an output power of 32.0 W.
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Figure 5.3: Output power as a function of pump power for CW COFFIN oscillator in both
compact (multimode) and asymmetric (TEM00) configurations.
5.3.2 Q-switching
The COFFIN oscillator was actively Q-switched with the AO modulator, and the pulse
width and average power as a function of pulse repetition rate are shown in Fig. 5.4.
Pulsed operation was achieved over a range of repetition rates of approx. 150–600 kHz,
with corresponding pulse widths of 17–37 ns. An average power of up to 30.5 W was
obtained from 80 W of pumping. These high repetition rates were possible because of
the extremely high gain of the amplifier and the short fluorescence lifetime of Nd:YVO4.
At repetition rates below 150 kHz the AO modulator was unable to hold off lasing within
the cavity, and additional lasing was seen between pulses. The pulse energy and peak
power were also calculated, and are plotted in fig. 5.5; the maximum pulse energy was
180 µJ, with a peak power of 10 kW.
Although the COFFIN amplifier was originally conceived of as an external power am-
plifier, it actually performed very well in a laser oscillator. Lasing through multiple gain
regions inside one oscillator did not greatly affect the laser’s performance; the optical-
to-optical efficiency was quite reasonable at this power level, and it Q-switched well.
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Figure 5.4: Average power and pulse width as functions of repetition rate for Q-switched
COFFIN oscillator.
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Figure 5.5: Pulse energy and peak power as functions of repetition rate for Q-switched
COFFIN oscillator.
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However, as shown in chapter 2, single-bounce oscillators can be successfully pumped at
this power level, and so a useful extension to this work would be to see how the COFFIN
oscillator performs when pumped at higher power levels than this.
5.4 COFFIN power amplifier
In the previous section, the COFFIN amplifier design was used to build a laser oscillator,
but here we investigate its use as a power amplifier device. A MOPA was constructed
with a single-bounce oscillator and a COFFIN power amplifier, and the experimental
set-up is shown in fig. 5.6.
Figure 5.6: Experimental set-up of a MOPA using COFFIN power amplifier.
The master oscillator was similar to that described in sections 2.4 and 2.5 (pages
51–56), and was operated in an asymmetric configuration with arm lengths L1 = 30 cm
and L2 = 9 cm. Pumped by a single diode bar at 100 W, it produced up to 43 W
power in a near-TEM00 beam, and was Q-switched at repetition rates from 750 kHz
to 1.7 MHz with corresponding pulse widths of 21–34 ns and an average power of over
40 W throughout this range. The output from the oscillator was then fed into the
COFFIN amplifier. As described in the previous chapter, an optical isolator based on
a Faraday rotator was placed after the master oscillator to prevent ASE from reflecting
off the OC and seeding the amplifier. Horizontal and vertical cylindrical lenses (HCL
and VCL2) were used to optimise the beam’s spatial overlap with the gain region of
the COFFIN amplifier to maximise extraction efficiency, and a vertical slit was used to
remove the weak horizontal wing structure from the master oscillator output before the
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power amplifier so that it did not get amplified. The power amplifier itself was pumped
by two nominally 100 W diode bars, each focused by f = 25 mm vertical cylindrical
lenses (VCLD) to form a line focus on each pump face of the COFFIN. A significant
amount of oscillator seed power was lost by the combination of the isolator, spatial filter,
and the COFFIN amplifier itself; when the amplifier was unpumped, a power of 35 W
was transmitted through it (compared to the direct oscillator output of 43 W).
Figure 5.7 shows the output power from the MOPA as a function of the COFFIN
amplifier pump power along with the power extraction efficiency of the power amplifier.
The power was amplified to a maximum of 104 W for a total amplifier pump power of
155 W. This represents a 45% amplifier extraction efficiency, and a 41% optical-to-optical
efficiency for the MOPA as a whole. The maximum power and extraction efficiency were
very close to the efficiency obtained from the power amplifier chain of section 4.4, but
this was achieved in a much more compact and mechanically stable system. The system
was also operated with the oscillator Q-switched, without any apparent problems.
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Figure 5.7: Total output power and power amplifier extraction efficiency as a function of
amplifier pump power for COFFIN MOPA.
Besides compactness and simplicity, a further benefit of the COFFIN amplifier was
that the beam quality was relatively well-preserved, at least up to a pump power of
around 120 W. Figure 5.8 shows the spatial intensity profile of the beam at 82.5 W
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output power, which shows that the beam retained its core TEM00. There was clearly
some additional structure present on the beam, and at higher pump powers this became
more severe, but nevertheless the beam quality was preserved much better than in the
power amplifier chain. This could be because the two amplification stages were very close
together, meaning that the beam size changed little when the thermal lens increased,
and therefore the laser beam remained spatially well-matched to the gain through both
amplifier regions.
Figure 5.8: Spatial intensity profile at 82.5 W in COFFIN MOPA
A problem with the COFFIN design in its current form was that parasitic lasing
occurred inside the laser crystal because the input/output face was perpendicular to the
laser beam. When the oscillator was blocked, well over 10 W output power was measured
from the amplifier. This was not a major problem as the gain was preferentially extracted
by the input beam, but it could have contributed to the decrease in beam quality seen
at high powers. Parasitic lasing could also pose a problem when Q-switching; only very
high repetition rates (> 750 kHz) were used in this experiment, but at lower repetition
rates the gain would build up to high-enough levels for parasitic modes to oscillate, thus
clamping the energy storage. The problem should however be easy to remedy by slightly
modifying the crystal shape, for example by angling the face as shown in fig. 5.9.
In extending the COFFIN concept, laser crystals with more than two pump faces
could be designed, however this would be strongly limited by crystal growth require-
ments. Although compact slab amplifiers have been demonstrated with many pump
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Figure 5.9: Potential modification of the COFFIN amplifier design to suppress parasitic
lasing by angling the input/output face.
faces [114], the use of a grazing-incidence bounce necessarily complicates the design; in
order that the angle at these faces is at grazing incidence, extra faces are required to
direct the laser beam between pump faces. A more practical approach to further power
scaling would be to combine multiple COFFIN amplifiers in a chain1. It may be possi-
ble to directly couple the output from one COFFIN into another one, with the second
crystal oriented at 180◦ to the first, allowing four amplification stages to be combined
in a highly compact set-up with minimal coupling optics. With multiple amplifiers,
ASE would become an even greater problem, however in this case an isolator could be
incorporated between the amplifiers (at the expense of compactness). Although a multi-
COFFIN set-up was not attempted due to restrictions on equipment and time, it could
potentially allow power scaling towards the 200 W level with two COFFIN modules.
5.5 Conclusion
This chapter investigated the use of a new amplifier design, the COmpact Face-Folded
INternally (COFFIN) amplifier, for achieving compact power scaling. The design incor-
porates two pump faces into a single bounce geometry slab, allowing the construction
of a multi-stage laser amplifier without the associated complexity. First, a laser oscilla-
tor was built with the dual-pumped COFFIN amplifier, which produced up to 37.7 W
multimode power and 32 W near-TEM00 power from 80 W pump power. With an AO
Q-switch the oscillator was pulsed at repetition rates from 150 to 600 kHz, with corre-
sponding pulse widths of 17–37 ns. Next, to investigate the potential of the COFFIN
design as a power amplifier, a MOPA was constructed using a Q-switched bounce mas-
ter oscillator and a COFFIN power amplifier. The master oscillator produced up to
1I.e. a MUltiple Face-Folded INternally (MUFFIN) amplifier.
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43 W in a near-TEM00 beam, and this was amplified to 104 W by the COFFIN power
amplifier with a total amplifier pump power of 155W. The 45% extraction efficiency
from the COFFIN amplifier is on a par with that of the amplifier chain demonstrated
in the previous chapter, but the beam quality saw less degradation with the COFFIN
amplifier. These results demonstrate the effectiveness of the COFFIN design as a simple
and compact means of performing power scaling.
128
Chapter 6
Erbium bounce laser at 3 micron
6.1 Introduction
With a transition whose wavelength coincides with an absorption peak of water, erbium
lasers have generated a lot of interest for their many medical applications. Er:YAG
lasers are commonly used for laser skin resurfacing as an alternative to the CO2 laser
due to the reduced heat damage that occurs at wavelengths near 3 µm [116]. Dentists
also make use of erbium lasers, where the high water absorption allows ablation of tooth
enamel [117]. Furthermore, high-energy short pulses at at this wavelength can be used to
pump optical parametric generators (OPGs) to generate tunable far-infrared radiation
for use in spectroscopy [118, 119]. Of course, by far the most common use of erbium
lasers is in the telecoms industry, where the 1.5 µm transition coincides with a dispersion
minimum of optical fibers, giving it a dominant role in fiber communications. However,
this chapter focuses solely on the transition near 3 µm.
The 3 µm laser transition in erbium is a curious one; it features an upper state lifetime
that is actually shorter than that of the lower state, which would normally imply that
population inversion self-terminates under laser action. Explaining why CW laser action
at this wavelength is possible on this transition has been the subject of much research,
and has required an in-depth understanding of the material’s complicated energy transfer
processes. A consequence of the difficulty in maintaining population inversion is that
erbium lasers generally suffer from relatively low efficiency and severe thermal problems,
both of which are exacerbated by the high quantum defect. Average powers have so far
been limited to the multi-watt level, but pulse energies over a Joule are possible due to
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the extremely long-lived upper-state [120]. Moreover, the relatively strong absorption
coefficient at the pump wavelength makes erbium a suitable candidate for operation in
the bounce geometry.
This chapter describes the development of a 3 µm bounce laser using an Er:YSGG
gain medium. First, the energy level structure of Er3+ is examined, and the important
energy transfer processes that take place in erbium are discussed. Existing literature
results for mid-infrared erbium lasers are then reviewed, and the laser material used for
this chapter’s experiments, Er:YSGG is introduced and compared with other erbium-
doped materials. Following this, two cavity designs for an Er:YSGG bounce laser are
presented and characterised. In quasi-continuous wave (QCW) operation with a pulse
duration of 1 ms, pulse energies of up to 15 mJ are demonstrated, giving over 400 mW
average power. Thermal effects are analysed with the help of a numerical model, and are
shown to limit the duty cycle of the laser. The performance of this system is discussed,
and compared with literature results for previous Er:YSGG lasers and other erbium
bounce lasers.
6.2 Motivation
This work was primarily motivated by the need for a reliable, tunable mid-infrared
source for spectroscopy of cancer cells. Organic compounds have well-characterised
absorption spectra at mid-infrared wavelengths, where radiation is absorbed by resonant
vibrational excitation of particular chemical bonds [121]. Mid-IR imaging therefore
allows cancer samples to be differentiated from healthy tissue, providing a highly useful
tool for studying and diagnosing cancers. Commercial systems are available which do
this, but typically take many hours to get an image. [118]
An improved imaging system has been developed by Chris Phillips’ group at Imperial
College [119]. The system uses a flashlamp-pumped Er:YSGG laser to pump an OPG,
generating tunable infrared laser light over 3–14 µm wavelength which is used to generate
broadband, high-resolution images of tissue samples. The laser itself is Q-switched and
modelocked to generate high energy (0.7 mJ) pulses with a duration of 100 ps. By using
two HR cavity mirrors and a cavity dumper, the modelocked pulse is coupled out of
the cavity at the peak of the Q-switch envelope, and the resultant pulse is then passed
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through a power amplifier before pumping a ZnGeP OPG crystal. Despite the usefulness
of this system, the laser has some problems which prevent its use in a commercial
spectrometer, namely the components are bulky and require constant re-alignment, and
the repetition rate is limited to only 3 Hz. The laser also requires a large and unwieldy
control system to power and cool the amplifier. The original motivation for this work
was therefore to build a laser oscillator to replace this which was more practical for use
in hospitals as a cancer detection tool. As well as being more compact and efficient, a
diode-pumped system would generate much less heat, allowing the laser to be run at
higher repetition rates for faster generation of images.
This work therefore served two aims: to investigate for the first time the performance
of Er:YSGG in the bounce geometry, and to develop a system that could serve as the
basis for a laser oscillator to replace the one described above.
6.3 Overview of 3-micron erbium lasers
The behaviour of 3 µm erbium lasers is largely informed by the fact that the upper laser
level has a shorter fluorescence lifetime than the lower level. This would normally mean
that any population inversion quickly self-terminates as population accumulates in the
lower laser level during laser action (or spontaneous decay). Many factors have been
suggested to explain how continuous laser action can be achieved on this transition, the
most important of which is an upconversion process that acts to recycle energy from the
lower to the upper laser level. With the use of high dopant concentrations (50 at.% is
common [52, 53, 122]), this process can sustain population inversion, but at the cost of
enhancing many other processes that are detrimental to population inversion. Trivalent
erbium is a very complex system, and as such there are many energy transfer processes
that can have an impact on laser operation. These processes generate heat, which
contributes to both the low efficiency and strong thermal lensing that characterise many
erbium lasers. Heating can be particularly problematic in CW operation, where powers
have been confined to just a few Watts, however this is much less of an issue in QCW
operation, and erbium truly shines as a laser ion for generating high-energy pulses.
However, in addition to the problems outlined above, the 3 µm transition in erbium
suffers from a very small stimulated emission cross-section, which leads to low gains and
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requires the use of highly reflective output couplers, which also limits efficiency.
6.3.1 Energy levels and energy transfer processes
The energy level structure of erbium is shown in fig. 6.1 (for Er:YSGG). Emission near
the 3 micron wavelength occurs on the 4I11/2 →4 I13/2 laser transition, and the material
is often pumped directly to the upper laser level (4I11/2) at around 970 nm. The actual
laser wavelength can vary considerably depending on the host material used and which
sub-levels are involved in the laser transition. In YAG the wavelength is usually 2.94 µm,
but it can be over 100 nm shorter in other materials (for this reason the 4I11/2 →4 I13/2
erbium transition is referred to as the 3 micron transition in this chapter, although the
true wavelength is slightly shorter). The fluorescence lifetimes of the 4I11/2 and
4I13/2
levels vary greatly from host to host, but as an example, in Er:YAG these are 120 µs
and 7.3 ms respectively [123]. The lifetime ratio is therefore highly unfavourable, and as
mentioned above, there have been several reasons postulated to explain how population
can be maintained in erbium, and the main ones will be discussed here.
Figure 6.1: Energy level structure of erbium doped into YSGG. Laser action at 2.8µm with
direct band pumping at 966nm is shown.
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In some Er-doped gain media (particularly fluorides), CW lasing can be explained
due to the fact that the upper laser level can decay direct to either the ground state
(4I15/2) or the lower laser level (
4I13/2) [124]. For achieving population inversion, it is
obviously advantageous if the ion decays to the ground state rather than the lower level.
Therefore if the branching ratio of these decays is sufficiently favourable (i.e. a high
enough fraction of ions decay straight to the ground state) then population inversion
can be sustained despite the ratio of lifetimes. In most hosts however (such as YAG), the
4I13/2 level is just too long-lived for this alone to allow sustainable population inversion.
Another factor which aids population inversion is the population distribution of the
Stark sublevels of the upper and lower laser levels. Each level consists of a manifold of
sublevels, and there are many possible transitions between the two manifolds1. Because
the sublevels are thermally populated in a Boltzmann distribution, the actual population
inversion between two sublevels can be quite different to that of the manifolds as a
whole. This makes population inversion easier to achieve on certain transitions between
sublevels [126]. However, the ratio of the lower to upper level lifetimes is usually too
large (∼ 60 for Er:YAG) for these factors alone to explain CW lasing.
In addition, there exist a variety of different energy transfer processes that can have
a significant effect on the population of the energy levels in erbium-doped gain media.
Non-self-terminating laser operation at 2.9 µm in erbium was first demonstrated by
Bagdasarov et al. [127] in 1983, and it was suggested that the result could be explained
by a cooperative upconversion processes between two ions in the lower level. In this
process, which is shown in fig. 6.2 (a), energy is exchanged between two 4I13/2 ions by
the process (4I13/2 →4 I15/2) + (4I13/2 →4 I9/2), i.e. one ion goes to the ground state
and the other is excited to 4I9/2, which is followed by a rapid decay to
4I11/2. The net
effect is to remove ions from the lower level and recycle them back to the upper level,
thus increasing the population inversion. The rate of this cooperative process scales
as the 4I13/2 population density squared, and with heavily doped crystals and intense
pumping the process can be strong enough to sustain a population inversion. This has
been confirmed by the observation of laser action on the 4I11/2 →4 I13/2 transition when
the material was pumped only into the 4I13/2 level [128].
1Each such transition has a different energy, and their wavelengths are spread over a range of several
hundred nanometres [125]. The large difference in wavelength obtained with different host materials is
partly due to different Stark transitions being favourable.
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(a) (b)
Figure 6.2: Energy level diagrams showing (a) cooperative up-conversion between lower-
state ions and (b) detrimental up-conversion between upper-state ions.
As well as cooperative upconversion, there are many other energy transfer processes
that work both for and against the population inversion in erbium (Pollnau et al. provide
a comprehensive overview in [129]). A second upconversion process, (4I11/2 →4 I15/2) +
(4I11/2 →4 F7/2), which is shown in fig. 6.2 (b), acts to deplete the upper laser level.
One upper state ion goes to the ground state and the other to a much higher level, from
which it rapidly decays to the 4S3/2 level. The
4S3/2 level has a very long lifetime (16 µs
[130]), and its relaxation may be dominated by a third two-ion process, (4S3/2 →4 I9/2) +
(4I15/2 →4 I13/2), followed by nonratiative decay to 4I11/2. Together, these two processes
collectively act to deplete the upper level and populate the lower level. To understand
the overall effect of these energy transfer processes on the population inversion, the
following figure of merit has been suggested [131]
p =
α
β
(
W22
W11
)1/2
(6.1)
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where α and β are the Boltzmann population coefficients of the sublevels of the laser
transition, and W11 and W22 are coefficients for the rate of upconversion from the lower
and upper laser levels respectively. Laser action is only possible for p <
√
2.
Other processes, such as three-ion energy transfer and inverse upconversion may also
have a significant effect on the population inversion [132]. It has been variously reported
that in all host materials there is an optimum erbium concentration for laser action,
beyond which the laser efficiency is reduced [133, 134] , however theoretical models have
for the most part failed to predict this (with the notable exception of Er:YAG [126]).
In attempting to explain the observed dependence of the laser behaviour on dopant
concentration in fluorides [133, 134] and YAG [135] it has been suggested that three-ion
processes in erbium may be very important at high erbium concentrations [126, 133].
6.3.2 Existing work
The first truly continuous-wave mid-infrared erbium laser was demonstrated by Kintz
et al. in 1987 [136] using Er:YLF. Since then, many systems have been demonstrated
to the Watt level in both CW and QCW modes, whilst some erbium lasers have shown
performance at multiwatt average powers [114, 120, 125, 137]. To make best use of
erbium’s remarkable energy storage capacity, pulsed pumping is often employed; in
this way, the laser amplifier can be charged with as much energy as possible while the
thermal loading is kept to a minimum. Ziolek et al. reported a system that produced
3 W average power with QCW diode pumping in a multi-folded crystal geometry [114];
they used a short resonator (34 mm) to improve stability, but found that thermal lensing
limited the duty cycle to 4%. The highest reported power from an erbium laser near
3 µm to date however is 4 W from a CW diode-side-pumped system by Dergachev et
al. [137]. They used an Er:YLF crystal, diode pumped on two sides, with a long confocal
resonator of length > 40 cm. Despite the cavity’s length, it remained stable to around
30 W continuous pump power, which could be attributed to both the negative dn/dT of
YLF and the absence of thermal lens fluctuations from QCW pumping. Ultracompact
cavities [138, 139] and monoliths [122, 123, 140] are often favoured in order to avoid
destabilisation of the cavity due to thermally-induced lensing. In addition, ultracompact
cavities also have low sensitivity to changes in the thermal lens dioptric power, which
can vary considerably over the duration of a QCW pump pulse.
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Although its capacity for high-power CW lasing is limited at best, erbium excels as
an energy storage medium as a consequence of its long upper-state lifetime. Moulton et
al. [125] and Eichler et al. [141] have both demonstrated over 700 mJ energy in QCW
mode in Er:YAG, while Charlton et al. have reported over 1 J [120]. It has however
been noted that the available output energy in a Q-switched pulse is reduced because
the energy is spread between the two laser levels [130]; in free running mode the laser
efficiency can be enhanced by cooperative upconversion which recycles energy from the
lower level, however this occurs too slowly to have any effect during a Q-switch pulse,
and therefore the efficiency is expected to be lower in Q-switched mode than in CW.
Nevertheless, impressive Q-switched pulse energies have been reported using a variety
of methods including EO [142, 143], AO [144], and frustrated total internal reflection
(FTIR) modulators [145], and saturable absorbers [146]. The highest Q-switched pulse
energy reported to date is 137 mJ with a duration of 91 ns [142].
With short absorption depths arising from high dopant concentrations, erbium lasers
are also well-suited to operation in the bounce geometry. Hamilton et al. [52] have
demonstrated up to 1.3 W average power from a bounce geometry oscillator with 50 at.%
doped Er:YAG, and slope efficiencies up to 20% have been reported [53]. The pumping
duty cycle was found to be limited to around 8% by thermal effects [52]. Other studies
have also shown that side-pumping geometries can be very effective with erbium [114,
147].
6.4 Materials comparison
The laser experiments in this chapter were performed with Er:YSGG (yttrium scan-
dium gallium garnet, Y3Sc2Ga3O12). In this section the material will be discussed, and
compared to other erbium-doped media.
Although some of the highest powers to date have come from Er:YAG [52, 53, 114,
122] and Er:YLF [134, 137], laser oscillation has also been reported in other garnets
(e.g. YSGG [123, 125, 138, 139, 143, 144], GSGG [140] and GGG [123]) and fluorides
(e.g. BaYF [133] and CaF2 [148]). Of these, YSGG in particular has shown promising
results, and several studies have suggested that Er:YSGG performs favourably for diode
pumping compared with other host crystals. In an experimental study by Dinerman and
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Moulton [123], 30 at.% doped Er:YSGG was compared to Er:YAG and Er:GGG using
small monolithic resonators. Er:YSGG was found to yield the highest slope efficiency
(31%) and CW power (0.5 W). Tikerpae et al. [126] conducted a numerical simulation
of erbium lasers with different hosts under QCW pumping, including 50 at.% doped
Er:YSGG, and the author also found that Er:YSGG consistently outperformed Er:YAG,
which was attributed to the ratio of upper- to lower-state lifetimes, which is much higher
in Er:YSGG.
Table 6.1 lists some important properties of Er:YSGG compared with two other
popular erbium-doped materials, Er:YAG and Er:YLF. In many ways Er:YSGG is very
similar to Er:YAG; they are both optically isotropic, have similar thermo-mechanical
properties, and their stimulated emission cross-sections are also similar. Er:YSGG shows
slightly stronger pump absorption to the upper level, which is advantageous for bounce
geometry pumping, and it has been reported to lase primarily on a shorter wavelength
Er:YSGG Er:YAG Er:YLF
Spectroscopic properties
Primary lasing wavelength [nm] 2797 2937 2810
4I11/2 lifetime [ms] 1.3 [123] 0.12 [123] 4.8 [126]
4I13/2 lifetime [ms] 3.4 [123] 7.25 [123] 10.0 [126]
Absorption coefficient to 4I11/2 [cm
−1] 15 [123] 12 [123] 26* [126]
Stimulated emission cross-section [10−20cm2] 2.8 [126] 2.8 [126] 1.2 [126]
Upconversion coefficient W11 [10
−17cm3s−1] 23 [126] 2.5 [149] **
Upconversion coefficient W22 [10
−17cm3s−1] 73 [123] 3.0 [123] **
Thermo-optic properties
Thermal conductivity [Wm−1K−1] 8 [150] 7.6 [150] 6 [151]
Thermal expansion coefficient [10−6 K−1] 8.1–10.4 [150] 9.0 [150] 8, 13 [151]
Thermo-optic coefficient, dn/dT [10−6 K−1] 7 [152] 7 [153] -4.3, -2.0 [151]
Table 6.1: Some spectroscopic and thermo-optic properties of 30% doped Er:YSGG,
50% doped Er:YAG, and 15% doped Er:YLF. For Er:YLF which is non-isotropic, some
values are given for both parallel and perpendicular to the c-axis (in that order). * This
value was calculated from the absorption cross-section given in [126], using the Er3+
ion density given in [132]. ** Data not available.
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(corresponding to different Stark sublevels of the laser transition). The most notable
difference however is in the upper-state lifetime, which is 10 times longer in Er:YSGG
than in Er:YAG, which should allow much greater energy storage. The ratio of lifetimes
is also much more favourable in Er:YSGG, which should make population inversion easier
to achieve. By comparison, Er:YLF is superior to Er:YAG and Er:YSGG in several ways,
for instance it has an even longer upper-state fluorescence lifetime and a lower dn/dT
(which is also negative, and could potentially counteract any thermal lensing caused by
bulging of the crystal face). It also has considerably stronger absorption to the 4I11/2
level near 970 nm wavelength. The primary downside however is its lower stimulated
emission cross-section2, which would result in even lower gain. Er:YSGG was therefore
chosen partly because it offered a good all-round combination of properties, but also
because the laser was intended to replace an existing lamp-pumped system that used an
Er:YSGG gain medium.
Also notable is the difference in the upconversion coefficients W11 and W22; both co-
efficients are around an order of magnitude higher in Er:YSGG than Er:YAG (these
data were not available for Er:YLF). However the ratio W22/W11 is also higher in
Er:YSGG, and according to the figure of merit p (eqn. 6.2) this means that laser action
in Er:YSGG would require a transition with a more favourable Boltzmann ratio (α/β)
than in Er:YAG. To overcome this, a common technique is to co-dope Er:YSGG with
small (∼ 1%) concentrations of chromium. Aside from giving the material broader ab-
sorption bands for lamp pumping, co-doping relaxes the criterion for p, permitting more
laser transitions [131] (although the material used in this chapter was not co-doped).
The long 4I11/2 lifetime in Er:YSGG gives it excellent potential for energy storage
compared to Er:YAG. The highest energy so far reported from an Er:YSGG laser is
700 mJ, from a flashlamp pumped system that gave 2.7 W average power [125]. Waarts
et al. [139] report decent performance from a diode-pumped Er:YSGG microlaser, with
over 100 mJ QCW pulse energy and 900 mW in true CW. The energy storage potential
of Er:YSGG makes it ripe for Q-switching, which has been demonstrated with EO
(50 mJ [143]), AO (27 mJ [144]), and FTIR (34 mJ [145]) modulators. Passive mode-
locking has also been demonstrated with Er:YSGG; 0.25 mJ pulses were demonstrated
2It is also worth pointing out just how small the stimulated cross-sections listed here are; for com-
parison, the 1 µm transition in Nd:YVO4 has a cross section that is 40 times larger than that of the
transition near 3 µm in Er:YSGG.
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with duration < 50 ps [146].
There is some confusion about the refractive index of Er:YSGG. Reference [150]
gives Sellmeier coefficients for YSGG, however these coefficients do not agree with our
observations. To find the refractive index of the Er:YSGG sample used in the following
experiments, Brewster’s angle was measured by minimising the reflection of p-polarised
light from a He-Ne laser. This gave a refractive index of n = 1.82 ± 0.04 at 633 nm,
which compares poorly with the value of 1.93 obtained from the Sellmeier equation
at this wavelength. An accurate measurement of the refractive index using light at the
lasing wavelength could not be obtained in our laboratory, but from these measurements
we would expect the value to be less than 1.82.
6.5 Ultracompact laser design
In this section, laser operation in a 3 µm Er:YSGG bounce laser is demonstrated. The
first set-up that was investigated made use of a simple compact cavity with no extra
intracavity optics in order to minimise intracavity losses, and this is described below.
Laser performance is described, and an analysis of the thermal effects in the laser am-
plifier is also performed.
6.5.1 Experimental set-up
A simple compact bounce geometry oscillator was built as shown in fig. 6.3. The laser
amplifier consisted of an Er:YSGG crystal doped at 30 at.% erbium with dimensions
23 × 5 × 2 mm. Both end faces of the crystal were cut at 22◦ to the pump face normal,
allowing light to enter and exit the crystal at Brewster’s angle and make a bounce angle
of θB = 6
◦ to the pump face. This bounce angle was optimised by varying the external
angle into the crystal to achieve the highest output power. A diode bar with a central
wavelength of 966 nm pumped the crystal through its long 20 × 2 mm face (which was
AR coated at this wavelength), exciting ground state ions direct to the 4I11/2 state.
The cavity was formed by a planar high-reflector (HR @ 2.8 µm) and a 99% reflectivity
planar OC (the substrate was calcium fluoride for its transparency at this wavelength).
Arm lengths were minimised to reduce diffractive losses, and the total physical cavity
length of 30 mm was limited mainly by the length of the crystal.
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Figure 6.3: Experimental set-up for ultracompact Er:YSGG laser oscillator.
The mode size in the cavity was defined by the cavity configuration itself, which was
fixed. To achieve overlap of the gain, the size of the pump beam on the pump face was
controlled by a 25 mm focal length vertical cylindrical lens (VCLD), and its position was
varied to optimise the average power of the laser. The dimensions of the pump beam at
the pump face were measured to be (220 ± 10) µm in the vertical and approx. 10 mm
in the horizontal.
6.5.2 High pulse energy operation
The laser was QCW pumped, initially at a rate of 15 Hz for a duration of 1 ms. The
peak power of the diode was varied up to its nominal limit of 100 W, and the resulting
output energy is plotted in fig. 6.4 as a function of the total energy of the pump pulse
(found by measuring the average power and dividing by the repetition rate). An output
energy of up to 3 mJ was obtained at full pump power, representing an optical-to-optical
efficiency of 3.1%. Lasing threshold occurred at a pump energy of 57 mJ, and the output
energy increased with a slope efficiency of 6.3%. The fact that the threshold was high
and the slope was low suggests that the intracavity losses were relatively high compared
to the gain. Unfortunately, the low gain meant that a highly reflective output coupler
was necessary, which meant that the output coupling efficiency was low.
It is worth noting from fig. 6.4 that the output energy was very linear with respect to
pump energy, which is interesting for two reasons. First, since energy transfer processes
were expected to be strong in this amplifier (indeed, a very intense green fluorescence
was observed when the amplifier is pumped), one might expect the population inversion
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Figure 6.4: Output energy as a function of pump energy by varying the peak power of the
pump diode in an ultracompact Er:YSGG bounce laser. The laser was pumped for a duration
of 1 ms at a rate of 15 Hz. A maximum output energy of 3.1 mJ was obtained, with a 6.3%
slope efficiency and 57 mJ threshold.
to increase non-linearly with the pump rate. The energy curve instead appears to display
standard laser behaviour despite the complex mechanisms behind it. Second, the fact
that the slope of the curve did not decrease at high pump energies indicates that thermal
lensing was not a problem under these operating conditions.
Observing the temporal behaviour of the laser pulse was difficult, since no diagnostic
equipment was available with sufficient temporal resolution in the 3 µm region of the
spectrum. Instead, this was observed by measuring the output energy as a function of
pump pulse duration. For a sufficiently low pump repetition rate, it can be assumed
that most of the heat generated during a pump pulse dissipates before the next pulse,
which means that any thermally-induced lensing will only affect the laser during the
pulse that generated it. Therefore if we vary the duration of the pump pulse and plot
the laser pulse energy, the resultant graph will allow us to infer the instantaneous power
as a function of time during the pulse. For this experiment the peak power of the diode
was kept constant at 100 W, its repetition rate was set to 1 Hz, and the pump duration
was varied up to a value of 4 ms (limited by the diode driver). The highest duty cycle
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that was reached was therefore 0.4%, and it was assumed that the thermal lens strength
decreased to zero between pulses.
The output energy as a function of pump duration is shown in fig. 6.5. Stable con-
tinuous lasing was observed for the first 2–3 ms, during which time the energy increased
linearly, indicating a constant output power of ≈ 3.5 W. At durations longer than around
3 ms there was a small drop in the gradient of the curve, which could indicate that the
cavity was beginning to go unstable due to the time-varying thermal lens. The dioptric
power of the thermal lens would have increased during the pulse, from close to zero at
the start, and by 4 ms it was nearly strong enough to destabilise the cavity. Neverthe-
less, this graph shows that the ultracompact oscillator continued to emit for a duration
of at least 4 ms despire any thermal effects. Alternatively, this tailing off in the output
energy could be to do with a build-up of population in the 4I13/2 level, which could have
caused laser action to self-terminate.
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Figure 6.5: Output energy as a function of pumping duration for ultracompact Er:YSGG
bounce laser pumped at 100 W with a repetition frequency of 1 Hz. Up until 2–3 ms the
graph is straight, implying that the laser power was roughly constant for the first 2–3 ms of
the pulse. After this the gradient decreases, possible because of cavity instability resulting
from thermal lensing.
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6.5.3 High average power operation
Next, the system was optimised for average power by increasing the pumping duty
cycle. Given what was observed in the previous subsection, and the conclusions drawn
from previous erbium bounce laser studies [52, 53], it was expected that this would be
strongly limited by thermal effects. The average power of the laser was measured as
a function of the pump repetition rate, as plotted in fig. 6.6, for three different pump
powers, and in each case the power can be seen to increase linearly with repetition rate
before peaking at a maximum value and then decreasing gradually to zero. With the
full 100 W diode pump power, the maximum obtainable output power was 202 mW,
which occurred at 90 Hz (a duty cycle of 9.0%); at higher repetition rates the power
decreased until at 180 Hz it stopped lasing altogether. This could indeed suggest that
thermal lensing caused the cavity to become unstable. The graph also shows that at
lower average pump powers the peak occurred at progressively higher repetition rates,
as would be expected due to the reduced heat loading.
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Figure 6.6: Average output power as a function of pump repetition rate for ultracompact
Er:YSGG bounce laser at three different peak pump powers with a pump duration of 1 ms.
One point to note about fig. 6.6 is that once instability set in, the average power
decreased gradually with repetition rate. This can be understood as resulting from the
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time dependence of the thermal lens power. Up to 90 Hz the average power increased
linearly with repetition rate, implying that the laser remained stable. Above 90 Hz
however, the thermal lens became strong enough to destabilise the cavity part way
through the pump pulse, which decreased the average power. As the repetition rate was
increased, the laser went unstable sooner and sooner (reducing the power further), until
at around 180 Hz the cavity became permanently unstable and no lasing occurred at
all. It is curious through that this occurred at 180 Hz for each pump power, because it
would be expected that the lower the peak pump power, the higher the repetition rate
at which the cavity goes unstable.
To determine the optimum parameters for maximising the average power, the rela-
tionship between repetition rate and pulse width was investigated. The repetition rate
was varied from 75–145 Hz, and for each value the power of the laser was maximised by
varying the pump duration. At each repetition rate the duty cycle was thus set to its
“optimum”, i.e. the highest duty cycle before the limit where thermal cavity destabili-
sation begins. Figure 6.7 shows this optimum pulse duration and the resultant average
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Figure 6.7: Optimum pump duration and average output power as functions of pump
repetition rate for ultracompact Er:YSGG bounce laser. At each repetition rate the pump
pulse duration was varied to find the maximum average power. This “optimum” pulse duration
decreased with the repetition rate, and the “optimum” duty cycle was approximately constant
at 9–10%.
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power as functions of repetition rate.
The optimum pulse duration scaled, predictably, as the inverse of the repetition rate,
with a relatively constant duty cycle of 9–10% over the range investigated, corresponding
to an average pump power of 9–10 W, which is close to the 8 W limit found by Hamilton
et al. [52] in their erbium bounce laser. The average power (at the optimum duty cycle)
remained relatively constant over this range of repetition rates, varying by less than 10%
between 75 and 145 Hz. The duty cycle (or more accurately the time-averaged heat
loading) therefore appears to be the main factor determining the severity of thermal
lensing effects on the laser’s average power. From this it is also clear that CW laser
operation would not be possible in this laser set-up, as the threshold pump power is
over 50 W, which is many times over the thermal stability limit of this cavity.
6.5.4 Numerical model of thermal lensing effect
To gain a better insight into the thermal behaviour of the laser amplifier, it was sim-
ulated using the numerical model written by Peter Shardlow, and described in detail
in reference [101]. The model was somewhat similar to that described in chapter 3.4.3,
and involves solving the heat diffusion equation in three dimensions to find the temper-
ature distribution inside the crystal. The refractive index distribution was calculated
from the dn/dT of the material, and the optical path length was then computed as a
function of the transverse position on the input beam. By taking a polynomial fit of the
refractive index profiles in the horizontal and vertical directions, the dioptric power of
the thermal lens in both directions was calculated, and could be plotted as a function
of time over the QCW pump pulse. For this model it was assumed that heating of the
laser amplifier came entirely from the quantum defect of the laser transition, and energy
transfer processes were ignored. The pumped area on the crystal face was taken to be
10 mm × 250 µm, with exponential absorption into the crystal (absorption coefficient
15 cm−1).
Because the thermal lensing effect was so strong in the erbium bounce amplifier,
and because the cavity was so short (the crystal itself comprised most of the cavity),
the assumption of a thin thermal lens was not very accurate. The amplifier would
be best modelled as a lens duct, with ray tracing performed in order to obtain an
ABCD matrix for the amplifier. However the ray tracing algorithm of the thermal code
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assumed no deviation of the beam inside the crystal, which is a reasonable assumption
in most bounce geometry amplifiers, but breaks down somewhat in this case since the
focal length of the thermal lens was only a few times that of the crystal length itself.
Therefore, absolute values obtained by this model should not be assumed to be highly
reliable. Nevertheless, the model should be sufficient to give a rough estimate of the
dioptric power, and to show the temporal behaviour of the lens, which is important for
this QCW-pumped laser.
One important question to be answered concerns the relative strength of the hor-
izontal and vertical components of the thermal lens. A previous numerical study in
Nd:YVO4 predicted a much stronger vertical component [42], which has also been sup-
ported by measurement [77]. Hamilton et al. however suspected the opposite was true
in their Er:YAG bounce laser. The thermal modelling that has been performed here
agreed with previous models, in that the dioptric power of the thermal lens was around
10 times stronger in the vertical than in the horizontal. This is good reason therefore to
assume that it is the vertical component of the thermal lens that destabilised the laser
cavity.
To look at the transient behaviour of the thermal lens, the model was run with a
QCW pump pulse of peak power 100 W and duration 1 ms. The model was run until it
reached a steady-state, and the vertical component of the thermal lens dioptric power
was then plotted against time over many pump pulses in fig. 6.8 for three different
pump repetition frequencies. At 15 Hz (blue curve), the dioptric power increased until
it reached approx. 13 m−1 (focal length 77 mm). When the pump pulse was switched
off, the thermal lens quickly decayed away, and the focal power decreased to around
2 m−1. When the repetition rate was increased (maintaining the same pump energy),
the average dioptric power increased due to the higher average pump power. This can be
seen in the red and green curves, representing 60 and 120 Hz respectively, which reach
larger dioptric powers than at 15 Hz. The focal length reached 28 mm at its shortest
for a repetition rate of 120 Hz.
In the previous section it was suggested that, because of the temporal variation in
the thermal lens, the laser was stable for only part of the duration of the pump pulse
for pump repetition rates over 90 Hz. Figure 6.8 supports this, since it shows that the
thermal lens power varied by a considerable amount over the pump pulse. The height
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Figure 6.8: Numerical results of the thermal lens strength in an erbium bounce laser,
obtained by modelling the heat distribution in the crystal. The amplifier was pumped at a
power of 100 W for a duration of 1 ms. The thermal lens dioptric power (inverse focal length)
is plotted as a function of time for three different pump repetition rates. The corresponding
focal length is also given on the right hand axis.
of this modulation decreased only slightly with repetition rate over this range, but the
background level increased as expected. At 120 Hz the thermal lens focal length varied
between 45 and 28 mm over the duration of the pulse, and since the cavity length was
30 mm, we can say that this focal length was of an approximate magnitude sufficient to
destabilise the laser cavity.
6.5.5 Beam quality
Observing the spatial intensity profile of the beam was made difficult by the fact that
laser viewing cards and most cameras have no response at 3 µm. One technique which
proved effective for observing the beam profile was the use of thermochromic paper (of
the kind used in thermal printers for sales receipts), which turns black when heated [76].
The paper was able to resolve the main spatial structure from a single 1 mJ pulse.
Fig. 6.9 shows far-field intensity profiles recorded from a single pulse on thermal paper
at (a) 15 Hz and (b) 90 Hz pump repetition rate. In both images the beam appears to
consist of the fundamental cavity mode in the vertical direction and higher order modes
147
6.5 Ultracompact laser design
in the horizontal, with the laser running on a higher order at 90 Hz than at 15 Hz.
(a) (b)
Figure 6.9: Far-field spatial profiles of single pulses recorded on thermal paper at (a) 15 Hz
and (b) 90 Hz repetition rate. In both cases the laser appears to oscillate on the fundamental
mode in the vertical and higher order modes in the horizontal.
It is interesting to note that these profiles were reasonably well-defined. As the
thermal lens power increased over the duration of the pulse, the laser might have been
expected to oscillate on a sequence of different transverse modes with time as the cavity
mode size changed, resulting in a ‘washed out’ pattern recorded on the paper. However
the appearance of a clear modal structure possibly implies that the laser oscillated on
the same mode for most of the pulse.
To measure the beam quality M2 factor, a focused caustic was recorded by a knife-
edge power method. A variable slit aperture was placed before a power meter and closed
from both sides simultaneously until the average power had decreased by 10%, providing
a measure of the beam diameter at a given focal plane. The measured diameter was
then scaled by a constant factor to find the approximate 1/e2 radius by assuming that
the profile was close to Gaussian, and this was plotted against position. Fig. 6.10 shows
focused caustics with the diameter measured in the horizontal and vertical directions
for the ultracompact cavity running at 15 Hz.
The measured beam quality was M2x = 5.1±0.2, M2y = 1.3±0.1, i.e. the beam quality
was near-fundamental mode in the vertical but higher-order mode in the horizontal.
The horizontal value should not be accepted with too much accuracy because of the
knife edge method used (which is inaccurate for highly multimode beams), but it at
least agrees with the visual observation that the laser oscillated on a higher transverse
mode in the horizontal direction. These measurements are also consistent with previous
bounce geometry observations, which have shown that in compact resonators the laser
tends to oscillate on a high order transverse mode in the horizontal and the fundamental
mode in the vertical. When the laser was pumped at 90 Hz repetition rate, the beam
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quality deteriorated to M2x = 11.4± 0.4 and M2y = 1.7± 0.1, which also agrees with the
observation in fig. 6.9 that the laser oscillated on a higher order horizontal mode when
operated at a higher pump repetition rate. This is most likely a result of the increased
thermal lens strength.
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Figure 6.10: Focused caustics measured using 90/10 knife edge power method for ultra-
compact Er:YSGG bounce laser in the horizontal and vertical directions (at a pump repetition
rate of 15 kHz). The M2 factor was calculating by fitting the Gaussian propagation equation
to these data.
6.5.6 Temporal pulse structure
As already stated, the temporal output of the laser could not be reliably observed, as
no photodetector was available with sufficient resolution near the lasing wavelength.
However, one way to observe the pulse temporally was on a pyroelectric detector, which
is an AC-coupled device that responds to changes in the intensity of absorbed radiation.
The output from the pyroelectric detector could not therefore be used to obtain an
accurate representation of the power as a function of time, but was nevertheless useful
to gain other information about the shape of the pulse.
For the ultracompact cavity, the shape of the output pulse seen on the pyroelectric
detector was smooth and continuous, indicating that lasing occurred throughout the
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pulse. However, under some conditions (such as when the cavity length was extended
or the mirrors were slightly misaligned) the output showed a number of very distinct
temporal peaks. As an example, the ultracompact cavity from fig. 6.3 was modified
by extending the back arm length by 7 mm, and the temporal behaviour was observed
on a pyroelectric detector. Figure 6.11 shows the detector signal as a function of time,
alongside the diode driver signal indicating the duration of the pump pulse, and the
trace shows several peaks in amplitude over time.
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Figure 6.11: Temporal behaviour of a compact Er:YSGG bounce laser with the back arm
extended by 7 mm (top trace). Also shown is the signal from the diode driver to indicate the
duration of the pump pulse (bottom trace). The output from the laser was observed on a
pyroelectric detector which did not have a linear response to intensity, so the plot should not
be considered a very accurate representation of the laser power as a function of time.
A possible explanation for this could be that the laser emitted sequentially on differ-
ent wavelengths, corresponding to different transitions between the Stark sub-levels of
the upper and lower laser manifolds. This could occur if laser action is self-terminating
due to the build-up of population in the 4I13/2 level. The laser would thus emit a se-
quence of self-terminating output pulses at different wavelengths, which could give an
output something like that seen in fig. 6.11. The reason why this phenomenon became
more apparent when the cavity length was extended could be simply that the higher
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diffractive losses meant that laser action terminated sooner.
Hamilton et al. observed that three different wavelengths were emitted, which were
identified as transitions between different Stark sub-levels of the 4I11/2 and
4I13/2 man-
ifolds [52, 154]. They found that the system emitted sequentially at increasing wave-
lengths with time, with the two lower wavelengths quenching quickly due to their less
favourable Boltzmann population ratios. In reference [154], a time trace is shown that
looks very similar to the one observed here, but the author claims that the peaks all
represent emission on the 2.94 µm line (with the exception of two that quench very
quickly at the start of the pulse), and no explanation for the behaviour is offered. It
would be an interesting further study to measure the spectrum of light emitted from
the laser to try to identify if these peaks are the result of different transitions. Indeed,
the spectral output from this laser is not known; previous Er:YSGG systems have lased
primarily at 2.80 nm, but this has not been confirmed for this system. There is good
reason to believe that the emission was indeed on a transition near 3 µm (instead of,
say, the 1.5 µm transition) because of the coatings of the cavity optics, as well as the ob-
servation that the light was strongly absorbed by glass, and that there was no response
on IR viewing cards (whose response extended to 1.7 µm). However, a measurement of
the laser’s spectrum should certainly be a priority in any further work on this laser.
6.6 Vertically-focused cavity design
As discussed above, one reason for the low efficiency of the laser was its low gain. In order
to improve this, the cavity was modified to form a high-gain bounce geometry design
with two intracavity VCLs (a design which was similar in principle to that described in
section 2.3). The diode radiation was vertically focused to give a smaller pump area,
and the laser mode was focused through this to achieve overlap with the reduced gain
volume. As well as increasing the gain, this design was intended to provide more stable
laser operation along the vertical direction. It was shown in the previous section that
the vertical component of the thermal lens is much stronger than the horizontal, and
that it was therefore the vertical thermal lens that caused the cavity to become unstable.
By focusing the laser mode through the thermal lens along the vertical direction, it was
intended that the cavity should become less susceptible to the vertical thermal lens, and
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hence more stable.
The experimental set-up is shown in fig. 6.12. Intracavity VCLs of focal length
25 mm were used to keep the cavity as short as possible, giving a total optical cavity
length of 60 mm (increased from 30 mm by the addition of the VCLs). The pump was
focused to a size of (50 ± 10) µm in the vertical. By measuring the size of the output
beam near the output coupler and inferring its size in the crystal, it was confirmed that
the pump size was approximately matched to the mode size.
Figure 6.12: Experimental set-up for Er:YSGG bounce laser with tight vertical focusing.
Being more complex, the cavity was much harder to align, and a description of the
alignment procedure is provided, for reference, in Appendix B. Once aligned, the laser
was operated with a peak pump power of 100 W and at a repetition rate of 85 Hz
(duty cycle 7%), and a plot of output energy as a function of pump energy is given
in fig. 6.13. The maximum output energy was 0.66 mJ, and the average power was
27 mW, corresponding to an optical-to-optical efficiency of 0.6%, which is markedly
lower than the energy obtained from the ultracompact cavity (∼ 3 mJ). As in the case
of the ultracompact cavity, the duty cycle was limited by thermal lensing (in this case
to around 7%). It is interesting that the maximum duty cycle only slightly decreased,
despite a large increase in the cavity length. Increasing the cavity length would have
made the cavity more susceptible to destabilisation by thermal lensing, but the fact
that this was not observed possibly indicates that the addition of intracavity VCLs was
beneficial to the cavity’s stability.
It is interesting that the threshold did not change much from the ultracompact case.
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Figure 6.13: Output energy as a function of pump energy by varying peak pump power.
The laser was pumped at a repetition rate of 15 Hz and a duration of 1.15 ms.
The vertical pump width was reduced by a factor of 4, which should have caused a
significant increase in the gain, although losses introduced by the intracavity lenses
could have had a significant impact on the laser’s efficiency. The nominal reflectivity of
the antireflection coatings on the lenses, as quoted by the manufacturer, was < 0.25%
per surface (i.e. giving a maximum total round trip loss of 2% due to the lenses). The
extended arm lengths would also have caused stronger diffractive losses, especially in the
horizontal direction. Since the output coupler transmission was only 1%, any significant
loss in the cavity would seriously effect the output coupling efficiency, with much more
energy leaving the cavity as unwanted losses than usefully coupled out, and it is therefore
possible that, although the gain was increased, the increased losses cancelled out any
improvement.
Another reason for this design’s low efficiency could be “bleaching” of the gain
medium. When the amplifier is pumped very hard, the ground state population of the
medium can become significantly depleted near the pump face, resulting in an increase in
the effective absorption depth, that can potentially decrease the overlap between pump
and laser mode. The level of bleaching can be roughly estimated by considering the
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total energy that could be stored by all the erbium ions contained within the pumped
volume. This volume was taken as the area of diode radiation incident on the pumped
face multiplied by the absorption depth. For the previous ultracompact set-up, the to-
tal energy that could be stored in this volume was calculated to be approx. 500 mJ,
whereas the maximum pump energy delivered to the amplifier was 100 mJ. There was
therefore quite enough ions to store all the pump energy, and bleaching would not have
been a major problem. However, when we consider the vertically-focused set-up of this
section with its reduced pumped volume, we find that only 100 mJ of energy could be
stored in the volume. Thus in this case bleaching could have had a significant effect on
the laser’s energy, and could indeed be an important factor in the low efficiency of the
vertically-focused laser.
6.7 Dual-diode-pumped ultracompact laser design
6.7.1 High power operation
Both the laser cavity designs demonstrated above yielded relatively low efficiency, which
was attributed in part to the low gain of the amplifier relative to cavity losses. One way
to increase the gain is to increase the pump power, enabling the laser to be operated
farther away from its threshold, or with a more transmissive output coupler. To increase
the peak pump power of this laser, two things were done; first, a second diode bar was
focused onto the pump face such that the gain region could be pumped simultaneously
by two bars. Second, the diodes were “over-driven” by applying a current much higher
than they were nominally rated to. Because of the obvious risk to the diodes, this was
performed after the rest of the experiments in this chapter. The experiments in this
section were performed by Emma Arbabzadah, with a laser based on the ultracompact
cavity design developed above.
The laser oscillator was set up as shown in fig. 6.14. With the exception of the pump
scheme, the set-up was identical to that described in section 6.5.1, with a total cavity
length of 30 mm. A second diode was added as shown, which was oriented at right
angles to the pump face and directed onto it with a turning mirror as shown such that
the output from the two diodes overlapped on the face. The maximum total peak pump
power delivered to the amplifier from this pumping set-up was 288 W.
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Figure 6.14: Experimental set-up for ultracompact Er:YSGG bounce laser oscillator with
dual diode pumping.
With the diodes pulsed at a repetition rate of 15 Hz for a duration of 1 ms, the
output energy is shown as a function of the total pump pulse energy in fig. 6.15 (blue
curve). The laser was initially operated with a 99% reflectivity output coupler, for which
a maximum energy of 15 mJ was obtained with a slope efficiency of 6.8%. Since the
laser was pumped with many times the threshold pump power, the optical-to-optical
efficiency was higher than before, at 5.2%. The energy curve shows only a very slight
decrease in gradient at high pump energies, suggesting that even higher energies would
be possible if the material were pumped even harder (provided that damage does not
occur).
The laser was also operated with an R = 95% output coupler. This was previously
not possible due to the amplifier’s low gain, but could be achieved with the dual-diode
pumping set-up. The energy curve for this OC is also shown in fig. 6.15 (red), and,
as expected, the slope efficiency was higher with the more transmissive output coupler
(at 8.4%), although the system had a higher threshold. A maximum output energy of
9.7 mJ was obtained with this output coupler.
The system was also investigated to see the effect of increasing the pump repetition
rate. The diode’s pulse duration was kept constant at 1 ms, with the peak power at
288 W. Figure 6.16 shows the average output power of the laser as a function of repetition
rate for both 99% and 95% reflectivity output couplers. Because of the risk of damage
to the laser diodes, the repetition rate was not increased higher than 30 Hz (i.e. 8.6 W
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Figure 6.15: Output energy as a function of pump energy by varying the peak power of
the diode for an ultracompact Er:YSGG bounce laser. The laser was pumped for a duration
of 1 ms at a rate of 15 Hz. Two different output coupler reflectivities were used, and their
energy curves are shown.
average pump power), however it can be seen that for the R = 99% OC the average
power increases linearly over this range to a maximum of 430 mW (a very slight decrease
in the slope can be observed over ∼ 20 Hz). Thermal effects did not limit the average
power, and it would therefore be possible, in the absence of damage, to increase the
power further by increasing the repetition rate. However in section 6.5.3 it was found
that thermal lensing in the amplifier limited the average pump power to around 9–10 W,
and so if we increased the duty cycle much further we would expect to see the power
limited by thermal lensing.
With the R = 95% output coupler it can be seen in fig. 6.16 that the average power
did not increase linearly with repetition rate. It is not clear why this was the case, but
a possible reason could be that the population inversion was clamped at a higher level
with the stronger output coupling. With more population in the upper laser levels, the
various energy transfer processes would have been stronger, generating more heat and
causing stronger thermal lensing. Thus as the repetition rate was increased, the thermal
load on the crystal increased more quickly, causing destabilisation of the cavity at a
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Figure 6.16: Average output power as a function of pump repetition rate for ultracompact
Er:YSGG laser. The laser was pumped for a duration of 1 ms at a peak pump power of 288 W,
and data was obtained for two output couplers of different reflectivities.
lower repetition rate. However it could also be that having a greater population in the
higher levels led to self-termination of the laser levels more quickly due to fluorescence.
In either case, this could cause a problem if the laser were to be Q-switched, since the
population inversion would be much higher while the Q-switch was closed.
6.7.2 Calculation of loss and gain
Since the gain in this double-pumped design was sufficient to allow the use of a range of
output couplers, we were now able to use a Findlay-Clay analysis [155] to estimate the
resonator losses. In this method, the laser threshold is measured using output couplers
of different reflectivities, from which the non-output coupling intracavity losses can be
inferred. At threshold, the total loss including output coupling is exactly equal to the
gain of the amplifier, i.e.
Rocexp[2(g0 − δ)l] = 1 (6.2)
where Roc is the output coupler reflectivity, g0 is the gain coefficient, δ is the loss per
unit distance, and l is the cavity length. By taking the natural logarithm of this equation
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we get
2g0l − 2δl = −ln(Roc) (6.3)
Therefore a plot of ln(R) against the threshold gain coefficient gives a straight line,
with the intercept at g0 = 0 equal to 2δl. For the purposes of estimating the loss,
we can in fact plot any quantity that is proportional to g0, such as the pump power,
at threshold. This was performed for the erbium bounce laser using output coupler
reflectivities 99% and 95%, and the results are plotted in fig. 6.17, along with a linear
fit to these data. The errors on this graph were estimated by assuming a 5 W error
in identifying the threshold pump power for each output coupler. The x-axis intercept
yields 2δl = 0.013 ± 0.002, and by taking the exponential of this we get a total round
trip cavity loss of (1.3 ± 0.2)%.
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Figure 6.17: The threshold pump power plotted as a function of the natural logarithm
of the output coupler reflectivity. The errors were estimated by assuming a 5 W error in
identifying the threshold pump power. The intercept of the x-axis allows an estimate of the
intracavity losses.
We can use this estimate of the intracavity loss to also estimate the gain of the laser.
We know that the threshold pump energy for the R = 95% output coupler was 153 mJ,
and by using equation 6.2 we calculate that 2g0l = 0.064 ± 0.002 at this pump energy.
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We can extrapolate this to estimate the gain at the maximum pump energy of 288 mJ by
assuming that g0 increases linearly with pump energy, thus giving 2g0l = 0.124± 0.040.
By taking the exponential of this we also calculate the total round-trip gain to be
(12.9± 0.4)%. With this, we are in a position to estimate the optimum output coupler
reflectivity, Ropt with which the cavity would yield the most energy when pumped at
288 mJ. Using the following equation [5]
Ropt = 1−
[(√
g0
δ
− 1
)
2δl
]
(6.4)
this is therefore estimated as Ropt = (97.4± 0.2) %.
According to the above calculation, the optimum output coupler reflectivity was
somewhere in between the values of 99% and 95% that were investigated above. Al-
though no other OCs were available to test, it was possible to use two R = 99% OCs
to simulate how much power might be produced by a 98% OC. A compact cavity was
thus built using two such mirrors, and the laser emitted from both ends with the same
amount of energy in each. When this experiment was performed, only one laser diode
was available, and the laser was pumped with up to 116 mJ, which produced a total
laser output power (from both ends) of 4.9 mJ. An energy curve was taken with the
two 99% OCs, and this was plotted alongside the previous data for the other OCs in
fig. 6.18. This figure shows that much better performance could be obtained with a 98%
OC; it gave the highest output energy at its maximum pump energy, and had a higher
slope efficiency of 9.7%. This strongly suggests that the OC used for the experiments
in this chapter was far from optimal, and that a big improvement in efficiency could be
achieved if a range of output couplers were investigated. It is interesting that the slope
efficiency was higher for the 98% OC than for the 95%. As discussed above, because the
inversion density would have been higher with a more transmissive output coupler, this
could be a result of stronger upconversion with the 98% OC. If this is the case, it is a
sign that upconversion processes had a very large effect on the laser’s efficiency.
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Figure 6.18: Output energy as a function of pump energy by varying the peak power of the
diode for an ultracompact Er:YSGG bounce laser. Three different output coupler reflectivities
were used, and their energy curves are shown.
6.8 Discussion
This work is the first demonstration of an Er:YSGG bounce laser. The highest optical-
to-optical efficiency achieved in these investigations was 5.2% (with the ultracompact
resonator), and the maximum slope efficiency was 8.4% (excluding the result obtained
with dual 99% output couplers). These results are close to those reported from another
2.9 µm erbium bounce laser built by a group at Lawrence Livermore National Laboratory
(using Er:YAG), which showed an optical efficiency of 7.4% [52]. However, some other
Er:YSGG lasers have reported significantly better performance, with slope efficiencies
over 20% [123, 138]. As shown in the previous section, the output couplers available
during these experiments were far from the optimal reflectivity for this system, which
was clearly a major reason for the laser’s relatively low efficiency.
Another factor which appears to have had a highly significant impact on the oper-
ation of this laser is thermally-induced lensing. It was observed in section 6.5.3 that
thermal lensing effectively limited the duty cycle at which the laser could be pumped.
At average pump powers above approx. 9–10 W, the thermal lens was strong enough
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to destabilise the laser cavity, resulting in a decrease in power. The thermal lens was
also found to have a strong time-varying component, which has the potential to limit
the maximum duration for which the cavity can lase (and therefore also prevent CW
laser operation). An obvious way to reduce this effect would be to improve the removal
of heat from the amplifier, which could be achieved by face cooling. In an extension of
the previous work at Lawrence Livermore, a face-cooled Er:YAG bounce laser reached
optical efficiencies twice that of the previous, non-face-cooled laser [53]. Although it is
not clear whether this improvement is entirely due to the improved cooling, it does at
least suggest that face-cooling would be worth investigation. Face cooling could also
be necessary to overcome the more severe thermal problems that are expected to occur
when the laser is Q-switched.
It is also likely that the erbium concentration was not optimal for this system.
The concentration of erbium determines the relative rates of energy transfer processes
for a given pumping geometry, and if the rates of processes that were detrimental to
laser performance had been too strong, this could have reduced the efficiency. The
concentration of 30% used in these experiments is similar to that used in most previous
studies [123, 139, 144, 156], however with the unique pumping geometry of the bounce,
a different concentration may be required. This would be worth investigating, either
experimentally or theoretically, in order to optimise the system. Indeed, to the best
of my knowledge no experimental study has been undertaken into the effect of erbium
concentration on laser performance in Er:YSGG (a numerical simulation was carried out,
but the author had reason to doubt the model’s reliability at high concentrations [126]).
One interesting study would be to measure the fluorescence spectrum from the pumped
crystal. This was performed in Er:YSGG by Liu et al. [156], who observed a strong
peak centred around 550 nm, corresponding to the 4S3/2 →4 I15/2 transition resulting
from upconversion between ions in the upper laser level. This green fluorescence is
intensely visible in our system, which could indicate a substantial loss of power to
this upconversion process. A measurement of the intensity of this fluorescence could
be combined with a theoretical energy level model to shed some light on the internal
dynamics of the system, and help predict the effect that varying the dopant concentration
would have on laser efficiency.
It is hoped that the laser described here will provide a platform to develop a system
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suitable for incorporation into the cancer imaging system described in section 6.2. This
will require the oscillator to be operated in Q-switched modelocked mode with output
coupling by single pulse cavity dumping. A major step to achieving this would be to
increase the cavity length to 1 m to match the time period of the modelocker, which
should be possible using the method described in section 3.5.2 (page 87), namely using
a spherical lens to image the output coupler to a new location. This has already been
demonstrated in principle, with the cavity length of this laser extended to 45 cm [157].
The main question to be answered is whether the losses introduced by extending the
cavity and incorporating components for modelocking and Q-switching will be too high
to allow the generation of high-energy short pulses. However, since the 15 mJ pulse
energy demonstrated in this chapter is much higher than the 0.7 mJ produced by the
previous laser, there are grounds to be optimistic that the new laser can surpass the
previous lamp-pumped laser’s performance. Furthermore, the repetition rates at which
the erbium bounce laser was operated were much higher than the previous lamp-pumped
laser, which was limited to only 3 Hz. Hopefully with further work the system presented
here can be developed into a system to greatly improve the practicality of this promising
cancer imaging system.
6.9 Conclusion
This chapter has described an investigation into the operation of a bounce laser on
the near-3 micron transition in an erbium-doped gain medium. First, an overview of
3-micron erbium lasers was given, which looked at the material’s complex energy level
dynamics and described some of the key processes that allow population inversion to be
maintained despite the unfavourable ratio of the upper and lower laser level lifetimes.
Some important results from the literature were then reviewed, which show how up to
4 W average power has been achieved in both the CW and pulsed regimes, along with
pulse energies of up to 1 J due to the extremely long lifetime of the upper laser level.
The gain medium used in this chapter, Er:YSGG, was then introduced, and compared
to other popular erbium-doped laser media.
Laser operation was demonstrated in the bounce geometry with Er:YSGG using
a simple, ultracompact cavity. Over 10 mJ QCW pulse energy was obtained, with an
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optical efficiency of 3% and a slope efficiency of 6%. The highest average power obtained
was 202 mW, from an average pump power of 9.0 W. It was found that thermal lensing
limited the average pump power to around 9 W before the output power dropped due
to destabilisation of the cavity. The beam quality of the laser was measured to be
M2x = 5.1± 0.2, M2y = 1.3± 0.1. In further work, the pumping scheme of this laser was
adapted by adding a second diode bar, which enabled higher peak pump powers of up to
288 W. This yielded higher average powers of up to 430 mW, as well as pulse energies of
up to 15 mJ in a 1 ms QCW pulse. The higher pump power also enabled laser operation
with a more transmissive output coupler. By measuring the laser threshold at different
output coupler reflectivities, the intracavity losses were estimated to be (1.3 ± 0.2)%.
The optimum reflectivity for this system was estimated to be 97.4%, and by operating
the laser with two R = 99% OCs it was confirmed that much better performance could
be obtained with a different output coupler.
A more complex cavity design was investigated as a means to improve the stability
and the gain of the laser. By reducing the vertical spot size in the crystal, this allowed
the use of a much smaller pump volume, which should have led to an increase in the gain.
The efficiency of this system was however very low (0.6%), and the maximum output
energy was 0.66 mJ. This was attributed to the high round-trip losses introduced by the
intracavity lenses, in addition to the diffractive losses of the extended cavity.
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Chapter 7
Conclusion
As stated at the beginning, the aim of this work was to develop high-power bounce
geometry lasers to achieve a more versatile range of laser characteristics, making the
bounce a more viable design for use in the real world. This final chapter summarises the
work described in each previous chapter, assesses the extent to which the aims stated
above have been achieved, and makes suggestions for future work. The main topics
investigated in this thesis are addressed in turn, namely laser oscillator development,
power scaling, and mid-IR generation.
The thesis began with a literature review aimed at both placing the work into context
and introducing some of the main concepts and theory that underpin it. First, DPSS
lasers in general were discussed, which included a look at laser diode pump sources
and solid-state laser materials, and a review of common DPSS laser geometries, with
particular attention paid to how each geometry deals with heat generation in the laser
medium. Following this, thermal issues in laser were considered in more detail, including
a discussion on heat generation mechanisms and the origin of thermal lensing, and a
theoretical analysis of the effect of a variable thermal lens on the stability of a laser
resonator. Finally, the concept of Q-switching was described, along with the main
methods of achieving it.
7.1 Bounce oscillator development
Chapter 2 introduced the bounce geometry, describing the concept and its practical
implementation. Thermal lensing in the bounce was discussed, and some suitable gain
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media were compared. To demonstrate the high-power capability of the bounce geom-
etry, a compact Nd:YVO4 bounce geometry laser oscillator was presented, which gave
over 50 W power at 1 µm wavelength with over 55% optical-to-optical efficiency. The
spatial output from this laser was fundamental mode in the vertical but multimode in
the horizontal, and to achieve TEM00 output it was modified using the technique de-
scribed by Minassian et al. [62]. With the use of an asymmetric plane-plane cavity, the
laser mode was spatially matched to the pump region, giving near-TEM00 output at
47 W power. The oscillator was then Q-switched with an acousto-optic modulator at
repetition rates of between 750 to 1700 kHz, with pulse durations of 21–34 ns and over
42 W average power over this range. The limit of 1.7 MHz is nearly the highest repeti-
tion rate ever reported in the bounce, and is much higher than most other Q-switched
solid-state lasers, which typically operate at up to 100 kHz [4]. This underlines one
of the principal advantages of the bounce design, namely its high gain, and the unique
Q-switching characteristics that result from this. However, this chapter also showed how
the high gain can be a double-edged sword, restricting the Q-switch ‘closed’ time to well
below the energy storage lifetime. The chapter also illustrated another issue with the
bounce, namely the astigmatism of the laser output.
In chapter 3, a technique was presented that sought to overcome both of the issues
outlined above. By careful control of some of the amplifier’s dimensions, it was found
that it was possible to design a bounce amplifier with both a circular gain profile and
a symmetric thermal lens, i.e. which imposed radial symmetry on the design. This
‘stigmatic’ bounce amplifier not only allowed the generation of non-astigmatic beams,
but, since it also possessed a much larger gain volume (and hence reduced small-signal
gain), it allowed far greater control of the pulse repetition rate in Q-switched mode.
A compact laser oscillator using the stigmatic amplifier was built which gave 13.2 W
power from 60 W pump in a high-quality circular TEM00 (M
2 < 1.2) beam with very
low astigmatism. This low astigmatism would make the laser more suitable for direct
application with no beam re-shaping optics. Stable Q-switching was observed from
single-shot to 900 kHz, with a maximum pulse energy of 0.45 mJ which was much
higher than normally possible from an Nd:YVO4 bounce laser pumped at this power.
This design was therefore successful in bringing greater versatility to the Q-switching
performance of a bounce laser, something which could be very useful for real-world
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applications. The low astigmatism and circularity of the system would also clearly
be beneficial in most applications, for example in materials processing, because of the
greater optical intensities that can be achieved by having coincident foci. Furthermore,
compared with some previous bounce oscillator designs, the laser output was much more
stable with respect to fluctuations in the thermal lens strength.
This stigmatic design has already proved useful for several applications over the
course of this research. First, frequency doubling was performed using SHG in an ex-
tracavity nonlinear crystal, resulting in over 7% of power at 532 nm. The high beam
quality, single focus, and high pulse energy allowed efficient nonlinear conversion, with
up to 64% of IR power converted to green in a single pass. For similar reasons, the
stigmatic amplifier also proved highly-suited to modelocking via the nonlinear mirror
(NLM) technique, a modelocking mechanism based on frequency conversion in a nonlin-
ear crystal. Since the effectiveness of NLM modelocking is determined by the conversion
efficiency in a nonlinear crystal, the stigmatic design helped to achieve stable modelock-
ing. One of the issues with the NLM modelocked bounce laser reported previously was
that it was hard to align and had poor long-term stability (i.e. it would often stop mod-
elocking after long periods of time); the use of the stigmatic amplifier therefore made
the modelocking scheme more practical (although it should be acknowledged that the
use of a different optical set-up for the NLM also played an important role in improving
the stability). The average power of 12 W was also the highest ever demonstrated from
a NLM modelocked laser.
In addition, the radially-symmetric design facilitated the generation of a “doughnut”
beam. A very simple method was employed to produce the Laguerre-Gaussian TEM01*
mode, which required the addition of no extra components, instead making use of the
spherical aberration of the thermal lens to suppress the TEM00 mode. 16.6 W power
was obtained in a beam which was observed to possess a nondegenerate phase vortex
(implying that it should contain angular momentum). The laser was also Q-switched at
up to 400 kHz repetition rate while maintaining its vortex nature. Numerical simulations
of the thermal lensing effect in the amplifier were performed to help understand the
generation of the vortex beam.
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7.2 Power scaling
Chapter 4 investigated several different MOPA designs for power scaling of bounce ge-
ometry systems. First, a simple MOPA was constructed with the oscillator and amplifier
both in high-gain configurations, and this yielded up to 84 W. The peak amplifier ex-
traction efficiency of 58 % was, to my knowledge, the highest efficiency reported to date
from a bounce geometry power amplifier. A chain of power amplifiers was then investi-
gated as a means of scaling the power further still, resulting in powers of up to 100 W.
In both systems, the beam quality degraded at high pump powers due to thermal dis-
tortions (especially in the horizontal direction). Next, a MOPA was constructed using
two identical amplifiers of the stigmatic design described in chapter 3 (i.e. both the
master oscillator and power amplifier used this design), and the power was amplified
to 26.5 W whilst maintaining beam quality and stigmatism. Finally, pulse amplifica-
tion was investigated, and it was found that high-gain set-ups did not provide the best
amplification at low Q-switch repetition rates due to quenching of the energy storage
lifetime by upconversion or ASE. A MOPA was constructed and the pump volume of
the power amplifier was varied to optimise the energy extraction at low repetition rates,
giving over 1 mJ total pulse energy (with 0.75 mJ extracted from the amplifier).
Chapter 5 followed on from the previous chapter by introducing a new amplifier
design for achieving power scaling, the COFFIN amplifier. This design incorporated
two pump faces into a single bounce geometry slab, allowing the construction of a
multi-stage laser amplifier without the associated complexity. Initially, a laser oscillator
was built using the COFFIN amplifier, which gave up to 37.7 W multimode power or
32 W TEM00 power from 80 W pump. This oscillator was Q-switched at repetition
rates from 150 to 600 kHz, with corresponding pulse widths of 17–37 ns. The COFFIN
was then investigated as a power amplifier, and a MOPA was constructed using a single-
bounce master oscillator. The 43 W from the oscillator was amplified to 104 W in the
COFFIN amplifier, with an extraction efficiency of 45%. This efficiency was close to
the value for the multi-stage amplifier demonstrated in chapter 4, but the system was
much more compact and less sensitive to misalignment. The beam quality was also
preserved better in the COFFIN, although it did degrade at very high pump powers.
Other more complex bounce MOPA designs have yielded better performance in terms
of the preservation of pure TEM00 beam quality [32, 67, 86], but the advantage of this
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design is clearly its compactness and simplicity; it demonstrates the potential for the
bounce geometry to achieve efficient power scaling in a compact set-up. As suggested
in chapter 5, the concept could be extended by using multiple COFFIN amplifiers to
increase power scaling towards the 200 W level.
One interesting area of further work that would be worth investigating is face cool-
ing, wherein the heat is removed directly from the pump face of the slab by bonding
to a transparent heatsink. This has been performed previously in an Er:YAG bounce
laser by Page et al. [53] (although it is not clear from this paper whether it reduced
thermal lensing). As the COFFIN has shown, amplifier chains are quite viable, but still
suffer from thermal lensing and distortions; the use of a face cooled amplifier could sig-
nificantly reduce these problems, making multi-hundred Watt systems a reality without
the thermal focusing and beam quality distortions that would otherwise plague such
attempts. Another possibility for future work is in-band pumping. Nd:YVO4 can be
pumped directly to the upper laser level at a wavelength of 880 nm, resulting in a quan-
tum defect of only 17% instead of 24% and hence a smaller thermal load. The downside
of this is that the peak absorption coefficient near 880 nm is only around 11 cm−1 [158],
which is around a third of that at 808 nm. In-band pumping has been demonstrated
previously in the bounce geometry using a bounce angle of 9.5◦ [159] (with a slope effi-
ciency of 52%, but at low power), although at smaller bounce angles the low absorption
would probably reduce the efficiency. Stronger absorption could be achieved by doping
the gain medium more strongly, but the question to be answered is whether quenching
effects, which would be worse at a higher doping level, would cancel out any advantage
caused by the reduction in the thermal load.
7.3 Mid-infrared generation
The final chapter focused on the development of a 3 µm laser using Er:YSGG. The
chapter began with a literature study into 3 µm erbium-doped lasers in general, which
reviewed the various issues associated with laser action in this complex ion, summarised
the important laser results from the literature, and compared some of the most popular
erbium-doped gain media. After this, laser action was demonstrated in an Er:YSGG
bounce laser using a simple, ultracompact cavity, and over 10 mJ QCW pulse energy was
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obtained with a slope efficiency of 6.8%. The beam quality of the laser was measured to
be M2x = 5.1±0.2, M2y = 1.3±0.1. In a set-up with dual pump diodes, an average power
of up to 430 mW was obtained. It was found that thermal lensing limited the average
pump power to around 9 W before the output power dropped due to destabilisation of the
cavity. To help confirm whether this was indeed a thermal effect, the thermal distribution
was modelled numerically in the amplifier, and it was found that the vertical thermal
lens was indeed sufficiently powerful to cause this. The model also showed that there
was a strong time-varying component to the thermal lens under QCW pumping, which
agreed with observations. An estimation of the cavity loss by the Findlay-Clay method
found it to be 1.3%, and the optimum output coupler reflectivity was correspondingly
calculated to be 97.4%. Using two 99% OCs it was shown experimentally that much
higher efficiencies could be obtained with a 98% OC, and in future it would definitely
be worth experimenting with a range of reflectivities in order to optimise the system.
This work shows the viability of generating mid-IR laser radiation in the bounce
geometry using erbium-doped gain media, and it is also the first demonstration of laser
action from Er:YSGG in the bounce. The work highlighted some of the unique issues of
using erbium as a dopant in the bounce, and has served as a foundation for further work
that is currently being undertaken at Imperial College to continue the development of
this system. It is hoped that this will ultimately lead to the development of a reliable, Q-
switched, modelocked 3 µm pump source for the OPO-based imaging system described
in section 6.2 (page 130). The potential improvements in repetition rate, reliability,
and simplicity compared with the existing flashlamp-pumped laser could be the key to
making this imaging system a practical cancer diagnosis tool for use in hospitals.
The work in this chapter leaves many avenues open for further work. Most pressing
of these is the issue of the wavelength; there was no equipment available at the time
to measure the wavelength, so it is not known which 3 µm lines have been observed.
The temporal behaviour of the laser suggests the presence of many wavelengths, with
transitions between different sublevels lasing sequentially before quenching, and under-
standing this is very important before deciding how best to proceed with this laser’s
development. Another area where further study is needed is in understanding the en-
ergy transfer processes. There is a very strong green fluorescence from the crystal when
pumped, and it would be very interesting to observe the temporal behaviour of this
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emission, which may give useful clues about the complex energy transfer processes that
are thought to occur inside the gain medium. These processes could also be studied
numerically (this was considered, but previous attempts to do this have shown that the
Er3+ system is fiendishly complicated, and a thorough numerical treatment of it would
be a PhD in its own right). Such a numerical study may benefit from a measurement
of the upconversion fluorescence decay time mentioned above, which could provide a
useful fitting parameter to the model. As far as laser development goes, it would be
worth investigating face cooling, since heating is clearly a limiting factor in this system.
The dopant concentration could also be investigated, as it is unlikely that 30 at.% is the
optimum erbium concentration for this set-up. The concentration is one variable that
would definitely be easier to optimise with an accurate numerical model.
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Alternative stigmatic cavity
design
In chapter 3, a stigmatic amplifier design was demonstrated that used control of the
bounce angle and vertical pump diameter to make a bounce amplifier symmetric in both
its gain profile and thermal lens strength. A simple plane-plane cavity was built using
this amplifier, which produced 14.2 W of power in a stigmatic and circular symmetric
TEM00 beam. When the pump power was reduced slightly, the small-signal gain of this
amplifier was low enough that an AO Q-switch could hold it off indefinitely, allowing
single-shot Q-switching with up to 0.45 mJ pulse energy. However, the plane-plane
cavity design was not the only one suitable for the stigmatic amplifier; another, more
complicated design was also developed, and although the plane-plane cavity was chosen
for chapter 3 (and for publication), the other design produced some interesting results
that make it worth describing here.
A.1 Experimental set-up and CW results
A laser was set up as shown in fig. A.1. The amplifier dimensions were slightly different
to those used in chapter 3; the bounce angle was set to 5◦ and the vertical pump diameter
was 870 µm. A less powerful diode was also used, with a maximum of 46 W. In each arm
of the cavity a negative spherical lens (SL) of focal length -200 mm was positioned close
to a planar cavity mirror, such that the combination was approximately equivalent to a
single convex mirror with a radius of curvature R = −200 mm. Unlike in the previous
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stigmatic cavity set-up, the cavity arms were symmetric, with L1 = L2 = 150 mm as
measured to the SLs.
Figure A.1: Experimental set-up of alternative stigmatic cavity design. SL are spherical
negative lenses positioned close to the cavity mirrors.
The negative lenses meant that the resonator was initially unstable. The first stable
point was not at 1/f = 0 like in a plane-plane cavity; instead, the laser only became
stable once the dioptric power of the thermal lens was sufficient to focus the mode onto
the centres of curvature of both cavity mirrors, i.e.
1
f
=
1
L1 −R +
1
L2 −R (A.1)
As with the previous stigmatic design, the thermal lens was observed to be symmetric,
with the laser becoming stable along both axes simultaneously.
The mode size at the laser crystal, w3 was calculated as a function of thermal lens
power using equation 1.10 (page 34), and this is plotted in fig. A.2. Because the cavity
was symmetric there was only one stability zone, and the presence of the negative lenses
essentially shifted the curve to the right (compared with the graph for the previous,
plane-plane cavity, fig. 3.7 on page 69). This meant that the cavity could be operated
near the start of the stability zone at a high pump power, with TEM00 occurring at point
A. The power curve for this laser, which is shown in fig. A.3 (a), reflects this fact; the
laser did not reach threshold until 35 W pump power because it was unstable, but then
the power increased very rapidly (with a slope of 90%) once the laser was stable. The
arm lengths were set such that the cavity mode was well-matched to the pump size at the
maximum pump power of 46 W, at which the laser produced 10.1 W in a high-quality
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Figure A.2: Theoretical plot of the spot size in the amplifier (w3) against the strength of
the thermal lens. The negative lenses in the cavity caused the stability zone to shift to the
right, and TEM00 output was obtained at point A, where the cavity mode size was matched
to the pump radius.
TEM00 beam. Figure A.3 (b) shows focused caustics measured for this beam, which
show low astigmatism and high beam quality (M2x = 1.09±0.05, M2y = 1.16±0.06). The
minimum spot size, w30 was smaller in this cavity than in the previous plane-plane one
(and the gain profile was larger), and as a consequence the laser was not operated in
the trough of the w3 curve (fig. A.2), but on the slope at point A instead. This meant
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Figure A.3: (a) Output power as a function of pump power and (b) focused caustics
measured for alternative stigmatic cavity design.
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the laser was less stable than the previous design with regard to small perturbations in
the thermal lens strength.
A.2 Q-switching
As in the previous design, the laser’s round-trip gain was low enough for indefinite hold-
off by an AO Q-switch. Stable Q-switching was observed over the range 0–380 kHz, and
the average power and pulse width are shown in fig. A.4. The average power reached
nearly 10 W at the high repetition rate limit, and decreased suddenly below around
25 kHz. The pulse width increased linearly with repetition rate, over a range of 16–
182 ns. The pulse energy and peak power are shown in fig. A.5; below approx. 10 kHz
the pulse energy was nearly constant with repetition rate, and a maximum of 0.64 mJ
was obtained. This energy is significantly higher than that which was obtained with the
previous set-up, which could be because of the larger gain volume which reduced effects
such as upconversion and ASE, allowing greater energy storage.
Figure A.4: Average power and pulse width as a function of the repetition rate for Q-
switched alternative stigmatic cavity design.
One of the most interesting features of this design however was the remarkably low
jitter on the Q-switch pulse energy. Figure A.6 shows the standard deviation in the
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pulse energy as a percentage of the mean; although this was relatively high (up to 8%)
at high repetition rates, below 25 Hz it quickly droped to under 1%, and below 7.5 kHz
it was less than 0.4%. This is significantly lower than the jitter observed in the previous
stigmatic cavity design, and it could indeed be a very desirable property, particularly for
precision micromachining applications, where a highly regular pulse energy is desirable.
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Figure A.5: Pulse energy and peak power as a function of the repetition rate for Q-switched
alternative stigmatic cavity design.
This design therefore shows some advantages over the planar stigmatic cavity demon-
strated in chapter 3, such as a higher maximum pulse energy and greater pulse stability.
There are however several disadvantages: the laser was less powerful (although this
could probably be improved with a different diode), the output was more susceptible to
thermal lens perturbations, and it was more complex. It is for these reasons that the
previous design was subsequently used for the NLM modelocking experiments. Also,
because the cavity was set to operate near the beginning of the stability zone, we were
not able to produce a LG doughnut beam in this set-up.
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rate for Q-switched alternative stigmatic cavity design.
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Alignment of the erbium laser
Alignment of the erbium laser described in chapter 6 is a challenge for several reasons.
The amplifier gain is many orders lower than in neodymium bounce lasers, and since the
crystal is angled to minimise Brewster reflections at the crystal faces, the cavity mirrors
are not parallel. To compound this, the laser wavelength near 3 µm cannot be observed
on conventional infrared viewing cards. The latter problem was overcome with the use
of a pyroelectric detector to detect “first light”, since it was wavelength insensitive and
had a large response even when the system was lasing weakly.
For the ultracompact cavity, alignment is relatively straightforward. A visible wave-
length alignment laser is injected through the back mirror of the cavity, and back re-
flections from both cavity mirrors are observed (including from the beam that travels
through the crystal, reflects off the output coupler, and returns through the crystal).
By adjusting both mirrors such that the light is reflected back to the alignment laser,
the cavity mirrors can be nearly aligned. Final alignment then requires a small tweak
of one of the mirrors.
Aligning the vertically-focused cavity described in section 6.6 however is much more
difficult. The addition of two VCLs introduces two extra variables which vastly ex-
pands the parameter space. An alignment technique was found that involved sequential
alignment of different parts of the cavity. To aid this, both mirrors should be mounted
on translation stages which allow their positions to be varied while maintaining their
angular orientation. The general strategy is to align the cavity separately in first the
vertical then the horizontal direction. This is performed in stages such that only one
variable needs to be adjusted at any time for laser action to occur (which is necessary
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because the cavity is highly sensitive to misalignment). Below is a description of the
steps involved to align this cavity.
B.1 Alignment procedure
The cavity is first aligned without any VCLs in an ultracompact cavity, by the method
described above. This is shown in a top-down view in fig. B.1.
Figure B.1: Top-down schematic view of ultracompact laser cavity.
Next, extend the back mirror arm (L2) to its final position and tweak the angle of the
mirror slightly to align the cavity. Then add VCL1 at its correct position (i.e. one focal
length from the centre of the crystal), as in fig. B.2.
Figure B.2: Top-down schematic view of laser cavity with extended back arm and including
single VCL.
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By adjusting the height of VCL1, laser action should be seen, at which point it is
vertically aligned to the cavity. The addition of this lens defines a vertical height for
the cavity mode (whereas without it the cavity is stable at any vertical position), and
the pump radiation can accordingly be matched to the cavity by optimising its vertical
position (by varying the height of VCLD). The vertical pump diameter should also be
optimised for this cavity by adjusting the position of the diode focusing lens, d to give
the maximum output signal.
To find the horizontal alignment, remove VCL1 again (maintaining its vertical posi-
tion) and extend the other arm out to its final position, as shown in fig. B.3.
Figure B.3: Top-down schematic view of extended laser cavity with no intracavity VCLs.
The cavity mirrors are positioned for final alignment of the cavity including VCLs.
For this extended plane-plane cavity to lase, the diode radiation must be defocused by
increasing d (since the cavity mode size is much larger without the intracavity VCLs).
Before doing this, d must be noted so that VCLD can be returned to its position later
when the VCLs are re-inserted. Once the alignment for this cavity is found, the hori-
zontal alignment can be considered final.
Finally, re-insert VCL1 (retaining its vertical alignment) and add VCL2 as in fig, B.4.
Adjustment of the height of VCL2 should now be sufficient to find the final alignment
and achieve laser operation in the vertically-focused cavity.
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Figure B.4: Top-down schematic view of extended laser cavity with intracavity VCLs.
180
References
[1] A. L. Schawlow and C. H. Townes, “Infrared and optical masers,” Phys. Rev.
112, 1940–1949 (1958).
[2] T. H. Maiman, “Stimulated optical radiation in ruby,” Nature 4736, 493–494
(1960).
[3] R. J. Keyes and T. M. Quist, “Injection luminescent pumping of CaF2:U3+ with
GaAs diode lasers,” Appl. Phys. Lett. 4, 50–52 (1964).
[4] R. Paschotta, “Encyclopedia of laser physics and technology,” http://www.rp-
photonics.com/encyclopedia.html (accessed 02/07/10).
[5] W. Koechner, Solid-State Laser Engineering, Springer, third edition (1992).
[6] T. Y. Fan and R. L. Byer, “Diode laser-pumped solid-state lasers,” IEEE J.
Quant. Electron. 24, 895–912 (1988).
[7] W. F. Krupke, “Ytterbium solid-state lasers – The first decade,” IEEE J. Sel.
Top. Quantum Electron. 6, 1287–1296 (2000).
[8] C. Stewen, K. Contag, M. Larionov, A. Giesen, and H. Hugel, “A 1-kW CW thin
disc laser,” IEEE J. Sel. Top. Quantum Electron. 6, 650–657 (2000).
[9] T. Omatsu, T. Isogami, A. Minassian, and M. J. Damzen, “>100 kHz Q-switched
operation in transversely diode-pumped ceramic Nd3+:YAG laser in bounce ge-
ometry,” Opt. Commun. 249, 531–537 (2005).
[10] T. Omatsu, Y. Ojima, A. Minassian, and M. J. Damzen, “Power scaling of highly
neodymium-doped YAG ceramic lasers with a bounce amplifier geometry,” Opt.
Express 13, 7011–7016 (2005).
[11] J. Lu, M. Prabhu, J. Song, C. Li, K. Xu, K. Ueda, A. A. Kaminiskii, H. Yagi, and
T. Yanagitani, “Optical properties and highly efficient laser oscillation of Nd:YAG
ceramics,” Appl. Phys. B 71, 469–473 (2000).
[12] M. Ciofini and A. Lapucci, “Compact scalable diode-pumped Nd:YAG ceramic
slab laser,” Appl. Opt. 43, 6174–6179 (2004).
[13] J. Hecht, The Laser guidebook, Addison-Wesley (1992).
181
REFERENCES
[14] O. Svelto, Principles of Lasers, Plenum Press, third edition (1989).
[15] W. A. Clarkson and D. C. Hanna, “Two-mirror beam-shaping technique for high-
power diode bars,” Opt. Lett. 21, 375–377 (1996).
[16] T. Graf and J. E. Balmer, “High-power Nd:YLF laser end pumped by a diode-laser
bar,” Opt. Lett. 18, 1317–1319 (1993).
[17] S. C. Tidwell, J. F. Seamans, and M. S. Bowers, “Highly efficient 60-W TEM00
cw diode-end-pumped Nd:YAG laser,” Opt. Lett. 18, 116–118 (1993).
[18] Y-F Chen, W. P. Lan, and S. C. Wang, “Efficient high-power diode-end-pumped
TEM00 Nd:YVO4 laser with a planar cavity,” Opt. Lett. 25, 1016–1018 (2000).
[19] S. C. Tidwell, J. F. Seamans, M. S. Bowers, and A. K. Cousins, “Scaling CW diode-
end-pumped Nd:YAG lasers to high average powers,” IEEE J. Quant. Electron.
28, 997–1009 (1992).
[20] E. C. Honea, R. J. Beach, S. C. Mitchell, J. A. Skidmore, M. A. Emanuel, S. B.
Sutton, and S. A. Payne, “High-power dual-rod Yb:YAG laser,” Opt. Lett. 25,
805–807 (2000).
[21] K. Furuta, T. Kojima, S. Fujikawa, and J. Nichimae, “Diode-pumped 1 kW Q-
switched Nd:YAG rod laser with high peak power and high beam quality,” Appl.
Opt. 44, 4119–4122 (2005).
[22] D. Golla, S. Knoke, W. Scho¨ne, G. Ernst, M. Bode, A. Tunnermann, and
H. Welling, “300-W cw diode-laser side-pumped Nd:YAG rod laser,”
Opt. Lett. 20, 1148–1500 (1995).
[23] Y. Hirano, Y. Koyata, S. Yamamoto, K. Kasahara, and T. Tajime, “208-W TEM00
operation of a diode-pumped Nd:YAG rod laser,” Opt. Lett. 24, 679–681 (1999).
[24] S. Konno, S. Fujikawa, and K. Yasui, “206 W continuous-wave TEM00 mode 1064
nm beam generation by a laser-diode-pumped Nd:YAG rod laser amplifier,” Appl.
Phys. lett. 79, 2696–2697 (2001).
[25] W. S. Martin and J. P. Chernoch, “Multiple internal reflection face-pumped laser,”
General Electric Company (1972).
[26] J. M. Eggleston, T. J. Kane., K. Kuhn, J. Unternahrer, and R. L. Byer, “The slab
geometry laser-part i: Theory,” IEEE J. Quant. Electron. 20, 289–301 (1984).
[27] G. D. Goodno, S. Palese, J. Harkenrider, and H. Injeyan, “Yb:YAG power os-
cillator with high brightness and linear polarization,” Opt. Lett. 26, 1672–1674
(2001).
[28] N. Hodgson, V. V. Ter-Mikirtychev, H. J. Hoffman, and W. Jordan, “Diode-
pumped, 220W ultra-thin slab Nd:YAG laser with near-diffraction limited beam
quality,” in Advanced Solid-State Lasers, Quebec City, Canada (2002).
182
REFERENCES
[29] J. Richards and A. McInnes, “Versatile, efficient, diode-pumped miniature slab
laser,” Opt. Lett. 20, 371–373 (1995).
[30] T. S. Rutherford, W. M. Tulloch, S. Sinha, and R. L. Byer, “Yb:YAG and Nd:YAG
edge-pumped slab lasers,” Opt. Lett. 26, 986–988 (2001).
[31] Comaskey et. al., “High average power diode pumped slab laser,” IEEE J. Quant.
Electron. 28, 992–996 (1992).
[32] A. Minassian, B. A. Thompson, G. Smith, and M. J. Damzen, “High-power scaling
(>100 W) of a diode-pumped TEM00Nd:GdVO4 laser system,” IEEE J. Sel. Top.
Quantum Electron. 11, 621–625 (2005).
[33] A. Giesen, H. Hu¨gel, A. Voss, K. Wittig, U. Brauch, and H. Opower, “Scalable
concept for diode-pumped high-power solid-state lasers,” Appl. Phys. B 58, 365–
372 (1994).
[34] A. Giesen and J. Speiser, “Fifteen years of work on thin-disk lasers: results and
scaling laws,” IEEE J. Sel. Top. Quantum Electron. 13, 598–609 (2007).
[35] Trumpf GmbH, “Trudisk lasers,” http://www.trumpf-
laser.com/en/products/solid-state-lasers/disk-lasers/trudisk.html (accessed
23/04/10).
[36] IPG Photonics, “YLR-HP series: 1-50kW ytterbium fiber lasers,”
http://www.ipgphotonics.com/products 1micron lasers cw ylr-hpseries.htm (ac-
cessed 23/04/10).
[37] Y. Jeong, J. K. Sahu, D. N. Payne, and J. Nilsson, “Ytterbium-doped large-
code fiber laser with 1.36 kW continuous-wave output power,” Opt. Express 12,
6088–6092 (2004).
[38] V. Fomin, A. Mashkin, M. Abramov, A. Ferin, and V. Gapontsev, “3 kW Yb fibre
lasers with a single-mode output,” in Int. Symph. High-Power Fiber Lasers Appl.,
St. Petersburg, Russia (2006).
[39] W. C. Scott and M. de Witt, “Birefringence compensation and TEM00 mode
enhancement in a Nd:YAG laser,” Appl. Phys. lett. 18, 3–4 (1971).
[40] Q. Lu¨, N. Kugler, H. Weber, S. Dong, N. Mu¨ller, and U. Wittrock, “A novel
approach for compensation of birefringence in cylindrical Nd:YAG rods,” Opt.
Quantum Electron. 28, 57–69 (1996).
[41] W. A. Clarkson, N. S. Felgate, and D. C. Hanna, “Simple method for reducing
the depolarization loss resulting from thermally induced birefringence in solid-state
lasers,” Opt. Lett. 24, 820–822 (1999).
[42] J. C Bermudez-G., V. J. Pinto-Rebledo, A. V. Kir’yanov, and M. J. Damzen, “The
thermo-lensing effect in a grazing incidence, diode-side-pumped Nd:YVO4 laser,”
Opt. Commun. 210, 75–82 (2002).
183
REFERENCES
[43] H. Kogelnik, “Imaging of optical modes – resonators with internal lenses,” Bell
Syst. Tech. J. 44, 455–494 (1965).
[44] H. Kogelnik and T. Li, “Laser beams and resonators,” Appl. Opt. 5, 1550–1567
(1966).
[45] V. Magni, “Resonators for solid-state lasers with large-volume fundamental mode
and high alignment stability,” Appl. Opt. 25, 107 (1986).
[46] F. J. McClung and R. W. Hellwarth, “Giant optical pulsations from ruby,” J.
Appl. Phys. 33, 828–829 (1962).
[47] W. G. Wagner and B. A. Lengyel, “Evolution of the giant pulse in a laser,” J.
Appl. Phys. 34, 2040–2046 (1963).
[48] J. E. Bernard and A. E. Alcock, “High-efficiency diode-pumped Nd:YVO4 slab
laser,” Opt. Lett. 19, 968 (1993).
[49] J. E. Bernard and A. E. Alcock, “High-repetition-rate diode-pumped Nd:YVO4
slab laser,” Opt. Lett. 19, 1861 (1994).
[50] A. E. Alcock and J. E. Bernard, “Diode-pumped grazing incidence slab lasers,”
IEEE J. Sel. Top. Quantum Electron. 3, 3–8 (1997).
[51] J. E. Bernard, E. McCullough, and A. J. Alcock, “High gain, diode-pumped
Nd:YVO4 slab amplifier,” Opt. Commun. 109, 109–114 (1994).
[52] C. E. Hamilton, R. J. Beach, S. B. Sutton, L. H. Furu, and W. F. Krupke, “1-
W average power levels and tubability from a diode-pumped 2.94-µm Er:YAG
oscillator,” Opt. Lett. 19, 1627–1629 (1994).
[53] R. H. Page, R. J. Bartels, R. J. Beach, S. B. Sutton, L. H. Furu, and J. E. LaSala,
“1-Watt composite-slab Er:YAG laser,” in 12th Topical Meeting on Advanced
Solid-State Lasers, Orlando, Florida (1997).
[54] M. J. Damzen, M. Trew, E. Rosas, and G. J. Crofts, “Continuous-wave Nd:YVO4
grazing-incidence laser with 22.5 W output power and 64% conversion efficiency,”
Opt. Commun. 196, 237 (2001).
[55] T. Omatsu, M. Okida, A. Minassian, and M. J. Damzen, “High repetition rate Q-
switching performance in transversely diode-pumped Nd doped mixed gadolinium
yttrium vanadate bounce laser,” Opt. Express 14, 2727–2734 (2006).
[56] J. H. Garcia-Lopez, V. Aboites, A. V. Kir’yanov, M. J. Damzen, and A. Minas-
sian, “High repetition rate Q-switching of high power Nd:YVO4 slab laser,” Opt.
Commun. 218, 155–160 (2003).
[57] X. Yan, L. Huang, Q. Liu, F. He, X. Fu, and M. Wang, D. Gong, “2MHz
AO Q-switched TEM00 grazing incidence laser with 3 at.% neodymium doped
Nd:YVO4,” IEEE J. Quant. Electron. 44, 1164–1170 (2008).
184
REFERENCES
[58] D. J. Farrell and M. J. Damzen, “High power scaling of a passively modeloked
laser oscillator in a bounce geometry,” Opt. Express 15, 4781–4787 (2007).
[59] G. M. Thomas, A. Ba¨uerle, D. J. Farrell, and M. J. Damzen, “Nonlinear mirror
modelocking of a bounce geometry laser,” Opt. Express 18, 12663–12668 (2010).
[60] B. A. Thompson, A. Minassian, and M. J. Damzen, “Operation of a 33-W,
continuous-wave, self-adaptive, solid-state laser oscillator,” J. Opt. Soc. Am. B
20, 857–862 (2003).
[61] G. Smith and M. J. Damzen, “Quasi-CW diode-pumped self-starting adaptive
laser with self-Q-switched output,” Opt. Express 15, 6458–6463 (2007).
[62] A. Minassian, B. A. Thompson, and M. J. Damzen, “Ultrahigh-efficiency TEM00
diode-side-pumped Nd:YVO4 laser,” Appl. Phys. B 76, 341 (2003).
[63] D. Sauder, High power diode-pumped solid-state laser operation in the bounce
amplifier geometry, PhD thesis, Imperial College London (2008).
[64] F. He, M. Gong, L. Huang, Q. Liu, Q. Wang, and X. Yan, “Compact TEM00
grazing-incidence Nd:GdVO4 laser using a folded cavity,” Appl. Phys. B 86, 447–
450 (2007).
[65] H. Zimer, K. Albers, and U. Wittrock, “Grazing-incidence YVO4-Nd:YVO4 com-
posite thin slab laser with low thermo-optic aberrations,” Opt. Lett. 29, 2761–2763
(2004).
[66] N. U. Wetter, E. C. Sousa, I. M. Ranieri, and S. L. Baldochi, “Compact, diode-side-
pumped Nd3+:YLiF4 laser at 1053 nm with 45% efficiency and diffraction-limited
quality by mode controlling,” Opt. Lett. 34, 292–294 (2009).
[67] A. Minassian, B. Thompson, and M. J. Damzen, “High-power TEM00 grazing-
incidence Nd:YVO4 oscillators in single and multiple bounce configurations,” Opt.
Commun. 245, 295–300 (2005).
[68] D. Sauder, A. Minassian, and M. J. Damzen, “High efficiency laser operation of 2
at.% doped crystalline Nd:YAG in a bounce geometry,” Optics Express 14 (2006).
[69] T. Omatsu, K. Nawata, D. Sauder, A. Minassian, and M. J. Damzen, “Over 40-
watt diffraction-limited Q-switched output from neodymium-doped YAG ceramic
bounce amplifiers,” Opt. Express, 14, 8198–8204, (2006).
[70] D. Sauder, A. Minassian, and M. J. Damzen, “Laser operation at 1.3µm of 2at.%
doped crystalline Nd:YAG in a bounce geometry,” Optics Express 15 (2007).
[71] F. He, L. Huang, M. Gong, Q. Liu, and X. Yan, “Stable acousto-optic Q-switched
Nd:YVO4 laser at 500 kHz,” Laser Phys. Lett 4, 511–514 (2007).
185
REFERENCES
[72] A. Brignon, G. Feugnet, J.-P. Huignard, and J.-P. Pocholle, “Efficient degenerate
four-wave mixing in a diode-pumped microchip Nd:YVO4 amplifier,” Opt. Lett.
20, 548–550 (1995).
[73] S. Mailis, J. Hendricks, D. P. Shepherd, A. C. Tropper, N. Moore, R. W. Eason,
G. J. Crofts, M. Trew, and M. J. Damzen, “High-phase-conjugate reflectivity
(>800 %) obtained by degenerate four-wave mixing in a continuous-wave diode-
side-pumped Nd:YVO4 amplifier,” Opt. Lett. 24, 972–974 (1999).
[74] B. A. Thompon, A. Minassian, R. W. Eason, and M. J. Damzen, “Efficient
operation of a solid-state adaptive laser oscillator,” Appl. Opt. 41, 5638–5644
(2002).
[75] J. C. Bermudez-Gutierrez, M. J. Damzen, V. J. Pinto-Rebledo, A. V. Kir’yanov,
and J. J. Soto-Bernal, “Compact diode-dide-pumped Nd:YVO4 laser in grazing-
incidence configuration,” Appl. Phys. B 76, 13–16 (2003).
[76] P. C. Shardlow, “Personal communication” (2009).
[77] S. A. Amarande and M. J. Damzen, “Measurement of the thermal lens of grazing-
incidence diode-pumped Nd:YVO4 laser amplifier,” Opt. Commun. 265, 306–313
(2006).
[78] L. Fornasiero, S. Ku¨ck, T. Jensen, G. Huber, and B. H. T. Chai, “Excited state
absorption and stimulated emission of Nd3+ in crystals. Part 2: YVO4, GdVO4,
and Sr5(PO4)3F,” Appl. Phys. B 67, 549–553 (1998).
[79] Casix Inc., “Neodymium doped yttrium orthvanadate (Nd:YVO4) crystal,”
http://www.casix.com/product/prod cry ndyvo4.html (accessed 23/07/10).
[80] X. Peng, A. Asundi, Y. Chen, and Z. Xiong, “Study of the mechanical properties
of Nd:YVO4 crystal by the use of laser interferometry and finite-element analysis,”
Appl. Opt. 40, 1396–1403 (2001).
[81] Y. L. Mao, P. Z. Deng, Y. H. Zhang, J. P. Guo, and F. X. Gan, “High efficient
laser operation of the high-doped Nd:YAG crystal grown by temperature gradient
technology,” Chin. Phys. Lett. 19, 1293–1295 (2002).
[82] Y. L. Mao, P. Z. Deng, and F. X. Gan, “Concentration and temperature de-
pendence of spectroscopic properties of highly-doped Nd:YAG crystal grown by
temperature gradient technique (TGT),” Phys. Status Solidi A 193, 329–337
(2002).
[83] I. Shoji, Y. Sato, S. Kurimura, V. Lupei, T. Taira, A. Ikesue, and K. Yoshida,
“Thermal-birefringence-induced depolarization loss in Nd:YAG ceramics,” Opt.
Lett. 27, 234–236 (2002).
[84] B. Frei and J. E. Balmer, “1053-nm-wavelength selection in a diode-laser-pumped
Nd:YLF laser,” Appl. Opt. 33, 6942–6946 (1994).
186
REFERENCES
[85] Red Optronics, “Nd:YLF,” http://www.redoptronics.com/Nd-YLF-crystal.html
(accessed on 16/02/10).
[86] A. Minassian and A. Damzen, “20 W bounce geometry diode-pumped Nd:YVO4
laser system at 1342 nm,” Opt. Commun. 230, 191–195 (2003).
[87] M. J. Damzen, “Personal communication” (2010).
[88] L. Allen, M. W. Beijersbergen, R. J. C. Spreeuw, and J. P. Woerdman, “Or-
bital angular momentum of light and the transformation of laguerre-gaussian laser
modes,” Phys. Rev. A 45, 8185–8190 (1992).
[89] N. B. Simpson, K. Dholakia, L. Allen, and M. J. Padgett, “Mechanical equivalence
of spin and orbital angular momentum of light: an optical spanner,” Opt. Lett.
22, 53–54 (1997).
[90] K. T. Gahagan and G. A. Swartzlander Jr., “Optical vortex trapping of particles,”
Opt. Lett. 21, 827–829 (1996).
[91] A. Mair, A. Vaziri, G. Weihs, and A. Zeilinger, “Entanglement of the orbital
angular momentum states of photons,” Nature 412, 313–316 (2001).
[92] G. A. Swartzlander Jr. and C. T. Law, “Optical vortex solitons observed in Kerr
nonlinear media,” Phys. Rev. Lett 69, 2503–2506 (1992).
[93] C. Tamm, “Frequency locking of two transverse optical modes of a lasers,” Phys.
Rev. A 38, 5960–5963 (1988).
[94] M. W. Beijersbergen, L. Allen, H. E. L. O. van der Veen, and J. P. Woerdman,
“Astigmatic laser mode converters and transfer of orbital angular momentum,”
Opt. Commun. 96, 123–132 (1993).
[95] Y. Oron, Y. Danziger, N. Davidson, A. A. Friesem, and E. Hasman, “Laser mode
discrimination with intra-cavity spiral phase elements,” Opt. Commun. 169, 155–
121 (1999).
[96] J. Arlt, K. Dholakia, L. Allen, and M. J. Padgett, “The production of multiringed
Laguerre-Gaussian modes by computer-generated holograms,” J. Mod. Opt. 45,
1231–1237 (1998).
[97] M. Okida, Y. Hayashi, T. Omatsu, J. Hamazaki, and R. Morita, “Characteriza-
tion of 1.06 µm optical vortex laser based on a side-pumped Nd:GdVO4 bounce
oscillator,” Appl. Phys. B 95, 69–73 (2009).
[98] S. L. Chao and J. M. Fortyth, “Properties of high-order transverse modes in
astigmatic laser cavites,” J. Opt. Soc. Am. 65, 867–875 (1975).
[99] M. Okida, T. Omatsu, M. Itoh, and T. Yatagai, “Direct generation of high power
Laguerre-Gaussian output from a diode-pumped Nd:YVO4 1.3-µm bounce laser,”
Opt. Express 15, 7616–7622 (2007).
187
REFERENCES
[100] S. Saghafi and C. J. R. Sheppard, “The beam propagation factor for higher order
gaussian beams,” Opt. Commun. 153, 207–210 (1998).
[101] P. C. Shardlow, Enhancement of self-organisation and adaptivity in laser systems,
PhD thesis, Imperial College London (2010).
[102] D. J. Farrell, Modelocking the bounce geometry, PhD thesis, Imperial College
London (2009).
[103] M. P. Lumb, D. J. Farrell, E. M. Clarke, M. J. Damzen, and R. Murray, “Post-
growth tailoring of quantum-dot saturable absorber mirrors by chemical etching,”
Appl. Phys. B 94, 393–398 (2009).
[104] K. A. Stankov and J. Jethwa, “A new mode-locking technique using a nonlinear
mirror,” Opt. Commun. 66, 41–46 (1988).
[105] Y. Ojima, K. Nawata, and T. Omatsu, “Over 10-watt pico-second diffraction-
limited output from a Nd:YVO4 slab amplifier with a phase conjugate mirror,”
Opt. Express 13, 8993–8998 (2005).
[106] K. Nawata, M. Okida, K. Furuki, K. Miyamoto, and T. Omatsu, “Sub-100 W
picosecond output from a phase-conjugate Nd:YVO4 bounce amplifier,” Opt. Ex-
press 17, 20816–20823 (2009).
[107] T. Omatsu, Y. Ojima, B. A. Thompson, A. Minassian, and M. J. Damzen, “150-
times phase conjugation by degenerate four-wave mixing in a continuous-wave
Nd:YVO4 amplifier,” Appl. Phys. B 75, 493–495 (2002).
[108] M. Trew, G. J. Crofts, M. J. Damzen, J. Hendricks, S. Mailis, A. C. Shepherd,
D. P. Tropper, and R. W. Eason, “Multiwatt continuous-wave adaptive laser
resonator,” Opt. Lett. 25, 1346–1348 (2000).
[109] G. R. Smith, Solid-state adaptive lasers and amplified spontaneous emission
sources, PhD thesis, Imperial College London (2008).
[110] P. C. Shardlow and M. J. Damzen, “Phase conjugate self-organised coherent beam
combination: a passive technique for laser power scaling,” Opt. Lett. 35, 1082–
1084 (2010).
[111] G. R. Smith and M. J. Damzen, “Spatially-selective amplified spontaneous emis-
sion source derived from an ultra-high gain solid-state amplifier,” Opt. Express
14 (2006).
[112] G. Smith, P. C. Shardlow, and M. J. Damzen, “High-power near-diffraction-
limited solid-state amplified spontaneous emission laser devices,” Opt. Lett. 32,
1911–1913 (2007).
[113] L. Meilhac, G. Pauliat, and G. Roosen, “Determination of the energy diffusion
and of the auger upconversion constants in a Nd:YVO4 standing-wave laser,” Opt.
Commun. 203, 341–347 (2002).
188
REFERENCES
[114] C. Ziolek, H. Ernst, G. F. Will, H. Lubatchowski, and H. Welling, “High-
repetition-rate, high-average-power, diode-pumped 2.94-µm Er:YAG laser,” Opt.
Lett. 26, 599–601 (2001).
[115] P. Misra, K. Ranganathan, N. Muthukumaran, and T. P. S. Nathan, “Edge-
pumped folded zig-zag Nd:YAG slab laser,” Opt. Laser Technol. 39, 1269–1272
(2006).
[116] G. Teikemeier and D. J. Goldberg, “Skin resurfacing with the erbium:YAG laser,”
Dermatol. Surg. 23, 685–687 (1997).
[117] E. Bornstein, “Proper use of Er:YAG lasers and contact sapphire tips when cutting
teeth and bone: scientific principles and clinical application,” Dent. Today 23,
86–89 (2004).
[118] C. C. Phillips, “Tuneable mid-infrared imaging for cancer diagnosis,”
http://www3.imperial.ac.uk/people/chris.phillips/research/mid-infraredlasers
(accessed 24/05/10).
[119] H. Amrania, A. McCrow, and C. Phillips, “A benchtop, ultrafast infrared spec-
troscopic imaging system for biomedical applications,” Rev. Sci. Instrum. 80,
123702–123706 (2009).
[120] A. Charlton, M. R. Dickinson, and T. A. King, “High repetition rate, high average
power Er:YAG laser at 2.94µm,” J. Mod. Opt. 36, 1393–1400 (1989).
[121] L. G. Benning, V. R. Phoenix, N. Yee, and N. J. Tobin, “Molecular characteriza-
tion of cyanobacterial silicification using synchrotron infrared micro-spectroscopy,”
Geochim. Cosmochim. Ac. 68, 729–741 (2004).
[122] D-W Chen, C. L. Fincher, T. S. Rose, F. L. Vernon, and R. A. Fields, “Diode-
pumped 1-W continuous-wave Er:YAG 3-µm laser,” Opt. Lett. 24, 385–387 (1999).
[123] B. J. Dinerman and P. F. Moulton, “3-µm cw laser operations in erbium-doped
YSGG, GGG, and YAG,” Opt. Lett. 19, 1143–1145 (1994).
[124] R. S. Quimby and W. J. Miniscalco, “Continuous-wave lasing on a self-terminating
transition,” Appl. Opt. 28, 14–16 (1989).
[125] P. F. Moulton, J. G. Manni, and G. A. Rines, “Spectroscopic and laser character-
istics of Er,Cr:YSGG,” IEEE J. Quant. Electron. 24, 960–973 (1998).
[126] M. Tikerpae, S. D. Jackson, and T. A. King, “Theoretical comparison of Er3+-
doped crystal lasers,” Journal of Modern Optics 45, 1269–1284 (1998).
[127] K. S. Bagdasarov, V. I. Zhekov, V. A. Lobachev, T. M. Murina, and A. M.
Prokhorov, “Steady-state emission from a Y3Al5O12:Er
3+ laser (λ=2.64µ,
T=300◦K),” Sov. J. Quantum Electron 13, 262–263 (1983).
189
REFERENCES
[128] S. A. Pollack, D. B. Chang, and N. L. Moise, “Continuous-wave and Q-switched
infrared erbium laser,” Appl. Phys. lett. 49, 1578–1580 (1986).
[129] M. Pollnau, Th. Graf, J. E. Balmer, W. Lu¨thy, and H. P. Weber, “Explanation
of the cw operation of the Er3+ 3-µm crystal laser,” Phys. Rev. A 49, 3990–3996
(1994).
[130] S. Georgescu and V. Lupei, “Q-switch regime of 3-µm Er:YAG lasers,” IEEE J.
Quant. Electron. 34, 1031–1040 (1998).
[131] V. lupei, S. Georgescu, and Florea V, “On the dynamics of population inversion
for 3 µm Er3+ lasers,” IEEE J. Quant. Electron. 29, 426–434 (1993).
[132] M. Pollnau, “Analysis of heat generation and thermal lensing in erbium 3-µm
lasers,” IEEE J. Quant. Electron. 39, 350–357 (2003).
[133] M. Pollnau, W. Lu¨thy, H. P. Weber, T. Jensen, G. Huber, A. Cassanho, H. P.
Jenssen, and R. A. McFarlane, “Investigation of diode-pumped 2.8-µm laser per-
formance in Er:BaY2F8,” Opt. Lett. 21, 48–50 (1996).
[134] T. Jensen, A. Diening, and G. Huber, “Investigation of diode-pumped 2.8-µm
Er:LiYF4 lasers with various doping levels,” Opt. Lett. 21, 585–587 (1996).
[135] A. Lupei, V. Lupei, S. Georgescu, I. Ursu, V. I. Zhekov, T. M. Murina, and A. M.
Prokhorov, “Many-body energy-transfer processes between Er3+ ions in yttrium
aluminium garnet,” Phys. Rev. B 41, 10923–10932 (1990).
[136] G. J. Kintz, R. Allen, and L. Esterowitz, “cw and pulsed 2.8µm laser emission
from diode-pumped Er3+:LiYF4 at room temperature,” Appl. Phys. Lett. 50,
1953–1955 (1987).
[137] A. Dergachev and P. F. Moulton, “Tunable CW Er:YLF diode-pumped laser,” in
Advanced Solid State Photonics Topical Meeting, San Antonio TX (2003).
[138] J. Meister, R. Franzen, C. Apel, and N. Gutnecht, “Multireflection pumping
concept for miniaturized diode-pumped solid-state lasers,” Appl. Opt. 43, 5864–
5869 (2004).
[139] R. Waarts, D. Nam, S. Sanders, J. Harrison, and B. J. Dinerman, “Two-
dimensional Er:YSGG microlaser array pumped with a monolithic two-
dimensional laser diode array,” Opt. Lett. 19, 1738–1740 (1994).
[140] R. C. Stoneman, J. G. Lynn, and L. Esterowitz, “Direct upper-state pumping of
the 2.8 µm Er3+:YLF laser,” IEEE J. Quant. Electron. 28, 1041–1045 (1992).
[141] H. J. Eichler, J. Albertz, F. Below, A. Kummrow, and T. Leitert, “Acousto-optic
mode locking of 3-µm Er lasers,” Appl. Opt. 31, 4909–4911 (1992).
190
REFERENCES
[142] A. Zajac, M. Skorczakowski, J. Swiderski, and P. Nyga, “Electrooptically Q-
switched mid-infrared Er:YAG laser for medical applications,” Opt. Express 12,
5125–5130 (2004).
[143] J. Breguet, A. F. Umyskov, W. A. R. Lu¨thy, I. A. Shcherbakov, and H. P. We-
ber, “Electrooptically Q-switched 2.79 µm YSGG:Cr:Er laser with an intracavity
polarizer,” IEEE J. Quant. Electron. 27, 274–276 (1991).
[144] P. Maak, L. Jakab, P. Richter, H. Eichler, and L. Baining, “Efficient acousto-optic
Q switching of Er:YSGG lasers at 2.79-µm wavelength,” Appl. Opt. 39, 3053–3059
(2000).
[145] F. Ko¨nz, M. Frenz, V. Romano, M. Forrer, H. P. Weber, A. V. Kharkovskiy, and
S. I. Khomenko, “Active and passive Q-switching of a 2.79 µm Er:Cr:YSGG laser,”
Opt. Commun. 103, 398–404 (1993).
[146] K. L. Vodopyanov, A. V. Lukashev, and C. C. Phillips, “Nano- and picosecond
3 µm Er:YSGG lasers using InAs as passive Q-switches and mode-lockers,” Opt.
Commun. 95, 87–91 (1993).
[147] A. Yu. Dergachev, J. H. Flint, and P. F. Moulton, “1.8-W CW Er:YLF diode-
pumped laser,” in Conference on Lasers and Electro-Optics (OSA Technical Digest
Series), Washington, D. C. (2000), 564–565.
[148] C. Labbe, J. L. Doualan, P. Camy, R. Moncorge´, and M. Thuau, “The 2.8 µm laser
properties of Er3+ doped CaF2 crystals,” Opt. Commun. 209, 193–199 (2002).
[149] W. Q. Shi, M. Bass, and M. Birnbaum, “Effects of energy transfer among Er3+ ions
on the fluorescence decay and lasing properties of heavily doped Er:Y3Al5O12,” J.
Opt. Soc. Am. B 7, 1456–62 (1990).
[150] D. Nikogosyan, Properties of Optical and Laser-Related Materials, Wiley, (1997).
[151] MolTech GmbH, “Neodymium, erbium, holmium or thulium doped lithium yt-
trium fluorides,” http://www.mt-berlin.com/frames cryst/descriptions/ylf.htm
(accessed on 31/03/10).
[152] MolTech GmbH, “Er; Cr,Er or Cr,Nd doped yttrium scan-
dium gallium garnet (YSGG) crystals,” http://www.mt-
berlin.com/frames cryst/descriptions/ysgg.htm (accessed on 03/08/09).
[153] Impex HighTech GmbH, “Nd:YAG laser crystls,” http://www.impex-
hightech.de/Lmat-nd-yag.html (accessed on 28/01/10).
[154] C. E. Hamilton, R. J. Beach, S. B. Sutton, L. H. Furu, and W. F. Krupke, “900-
mW average power and tubability from a diode-pumped 2.94-µm Er:YAG oscilla-
tor,” Advanced Solid-state Lasers 9th topical meeting, Salt lake city, Utah (1994).
[155] D. Findlay and R. A. Clay, “The measurement of internal losses in 4-level lasers,”
Phys. Lett. 20, 277–278 (1966).
191
REFERENCES
[156] J. S. Liu, J. J. Liu, and Y. Tang, “Performance of a diode end-pumped
Cr,Er:YSGG laser at 2.79 µm,” Laser Phys. 18, 1124–1127 (2008).
[157] E. Arbabzadah, “Personal communication” (2010).
[158] R. Lavi, S. Jackel, Y. Tzuk, M. Winik, E. Lebiush, M. Katz, and I. Paiss, “Efficient
pumping scheme for neodymium-doped materials by direct excitation of the upper
lasing level,” Appl. Opt. 38, 7382–7385 (1999).
[159] R. Lavi, Y. Tzuk, S. Jackel, E. Lebiush, and I. Paiss, “High-efficiency 880nm
diode direct-pumping of Nd:YVO4 grazing incidence oscillators,” Conference on
Lasers and Electro-Optics Europe (E-CLEO) (2000).
192
